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liUhitoRV 


Thla auiwnary is submitted aa tha final report for NASA Reaearcb 
Grnnt NAC-1-68 titled "Optical Fiber Interferometer for the Study of 
Ultrasonic Waves In Compoaite Materials." The major part of thla report 
1 b a collection of publlahed technical articles based upon work supported 
by this Grant. These articles are divided Into sections by topic and 
included as Appendices. 

The primary objective of this Grant, from October I, 1980 to 
September 30, 1981, was to investigate the possibility of acoustic 
emission detection in composites using embedded optical fibers as 
sensing elements. Optical fiber interferometry, fiber acoustic sensi- 
tivity, fiber interferometer calibration, and acoustic emission detection 
have been reported [1-3, Appendix A]. Additional experimental and 
analytical research related to this problem are being partially supported 
by current NASA Grant funding [4]. 

Related secondary objectives during this grant have Included the 
investigation of adhesive bond layer dynamical properties using ultrasonic 
interface waves (5-9, Appendix B] , the design and construction of an 
ultrasonic transducer with a two-dimensional Gaussian pressure profile 
(10, Appendix C] , and the development of an optical differential technique 
for the measurement of surface acoustic wave particle displacements and 
propagation direction [11-15, Appendix Dj . Additional work continues 


in these areas also. 


DISCUSSION 
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The stated objective of this project has been to study ultrasonic 
waves in composite materials using optical fiber waveguide as the detecting 
device. Because we have detected ultrasonic waves inside solids and the 
bulk modes Induced by acoustic emission events in composites » this objective 
has been attained. The fundamental unstated purpose of this project, 
however, has been to Investigate the possibility of using embedded probes 
in composites for nondestructive evaluation; this project has clearly not 
developed a technique for this attractive application. Our current optical 
interferometric sys^cm is sensitive but requires accurate optical position- 
ing at both fiber input and output not easily obtainable in practical field 
use. Additionally, the frequency response of the fiber geometry including 
core and cladding center, coating, and jacketing is not known because 
fiber manufacturers have not measured the bulk properties of these materials. 

To take advantage of the positive preliminary results obtained, 
additional work Is required in several areas. Specific recommended projects, 
grouped according to the topics corresponding to Appendices A through D, are 
listed below. 

OPTICAL FIBER INTERFEROMETRY 

1. Fiber frequency response . An analytical model of fiber frequency 
response based on measurements of fiber material elastic contants should 
be compared to experimental frequency response results. 

2. High frequency acoustic emission data . Useful measurements of 
acoustic emission cannot be made without the proper equipment. Additional 
measurements of acoustic emission In composites by fiber interferometry 
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ilhould be made ualiig a high frequency data acquisition device capable of 
pre-trlggerlng to capture the entire single shot acoustic event pulses. 

3. Optical fiber modulator . It may be possible to modulate transmitted 
light In an optical fiber by placing two stripped fibers close to each other 
In a liquid bath and launching ultrasonic waves In the liquid. If the 
liquid Index of refraction varies, the amount of light transmitted from 

one fiber to the other via crosstalk will change. This may provide a 
simple method for fiber modulation. 

4. Fiber In a differential Interferometer . Optical fiber could be 
used to transmit the light from source to specimen surface in a differential 
interferometer, thus eliminating the need for a large optical system next 

to the specimen. 

ULTRASONIC INTERFACE WAVES 

1. Nonlinear hysteresis theory . Murty has recently developed a 
model for tlie nonlinear hysteresis of Interface wave velocity during 
cyclic boundary loading. This theory may be used to predict the velocity 
behavior noted during measurements performed at NASA/LRC during August 
1980. This qualitative agreement should be studied. 

2. Embedded interface wave transducer . An Interdigital transducer 
embedded at the boundary between two solid substrates could be theoretically 
analyzed and experimentally constructed to optimize Interface wave generation. 

3. Interface wave delay line device . Using embedded IDTs, an interface 
wave delay line could be modeled and constructed. Such a delay line could 

be used for the nondestructive evaluation of the boundary between the 


substrate materials. 


GAUSSIAN PROFILE TRANSDUCER 


FocuBSlnR Gausalan transducer . An ultrasonic transducer which 
focuses to a Gaussian profile spot could be analysed and constructed. 

2. Variable transducer . Using the concentric ring electrode concept, 
a transducer having a number of electrodes and capable of being switched 

to obtain different far field patterns could be developed for applications 
In NDE. 

3. Surface Inspection using Gaussian profile ultrasonic beams . 

The far field pattern of a Gaussian field profile transducer is also 
Gaussian because a transform relationship exists via Fresnel theory between 
the near and far fields. If the propagating Gaussian field Is incident 
upon a surface which has a reflection coefficient that is a function of 
position, the received far field pattern will contain the reflection 
coefficient information. Since the theoretical output ^ield is Gaussian, 
deconvolution to determine surface structure in NDE applications is 
straightforward. Such a system for surface analysis could be modeled 
using operator theory and experimentally investigated. 

DUAL DIFFERENTIAL INTERFEROMETER 

1. Internal measurements . A dual differential interferometric 
optical system could be applied to the measurement of 3D acoustic wave 
fields in transparent solids and liquids. 

2. Reconstruction technique s. Computer methods for the reconstruction 
of 3D fields from differential measurements are necessary. 

3. Improved dual channel timing . To improve the dual channel 
resolution of wave direction and point displacement determination, a 
sensitive high speed differential timer Interfaced directly to the dual 
channel data acquisition system is necessary. 
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AbaCract 

An optical fiber intar foromatar haa boon 
davalopad for the detection of ultroaonlc wavoa in 
aollda. The optical piitha in both the ainnal and 
reference arme of the Mnch-Zchnder Intorferiniieter 
are througli the coren of alnila*' longtha of alngte 
mode fiber mode atrlpped at both input nnd output. 
Light emerging from the output enda of the ref- 
erence fiber and a aignal fiber which wan embedded 
in a 2.5A-cm dlac of plaatic reeln 1.1-cm thick 
waa Buperlmpoaed to form a atraight line inter- 
ference pattern. Inatantaneoua tranalatlon of the 
pattern in proportional to the local iced atrnln 
produced by uUraeonlc hulk wavoe generated In 
the dlac and Integrated along tlia fiber path. 

By apatlally filtering the moving fringe pattern 
and aynchronoualy demodulating the filtered 
optical Intenalty diatribution, a aignal pro- 
portional to the Integrated atrain la obtained. 
Direct calibration at dc indlcatca a minimum 
theoretical dutcctablc atrain of leaa than 10“^*^. 


1. Introduction 

A differencial optical incerferometar may bo 
conatructed ualng almllar lengtha of fiber wave- 
guide aa the propagation patha in both the ref- 
erence and aample arma. Such a modified Mach- 
Zehndur ayatem may br* uaed to moaaure changea in 
the difference In plitiae delay between the two 
patha. Several authora have Inveatigated 
potential phaao modulation mechaniama in optical 
flbera. Schloaaer analyacd the change In phaae 
uelny dlKiortlnn for a alngle mode fiber of 
circular croaa aectiun sa a function of atetic 
elliptical deformation.' Davlea* Kingaleyi and 
Cultihaw later coneldered phaae modulation due to 
changea in the length, diameter, and rtfractlve 
index of a fiber aubjected to longitudinal 
mechnnlral tenalon,^ demonatrated a low frequency 
piezoelectric modulator ualng a heterodyne optical 
receiver,^ and predicted the acouetic aenaltivltv 
of both alngle node and multimode fiber aeneors.^ 
In 1977, Hcvernl authora reported the detection 
of low frequency ocouatlc wavea In liquids using 
similarly designed differential fiber Inter ferom- 
otera and homodyno optical detactlon.*"" 

Since 1977, such interferometcca have been 
developed for use in hydrophones having low noise 


and high aennlttvlty. Acouatic aanaitlvlty of 
typical collad fiber torolda uaed In the hydro- | 
phones haa been calculated for several modelad | 
caaea of applied mechanical deformation and has I 
been eaperlmuntally measured.'*'” Kecently, | 
Increaned sensitivity has been obtained hy | 

optimally orienting the hydrophone fiber array I 
axis with respect to the direction of propuKsiion I 
of Incldoni longitudinal acoustic waves*' and by 
tmbeddlng the fiber In a lacket of material with ai 
moduluB lower than that of the hare fiber 
Itaolf.**”” Concurrent studies of fiber bire- 
fringence modulation effects and multimode fiber • 
Interferometer perforiwince siiggeHt additional 
Improvements in acoustic sumiltlvlty.*"''' 

:j 

Thla paper reports the detection of longitudl' ^ 
nnl nnd shear ultrasonic waves In solids by fiber j 
interferometry. Increases In sensitivity due to j 
elastic material Jacketing, spatial optical filter! j 
demodulation, and synchrunnus heterodyne rf I | 

detection have been observed. I 1 

2. Fiber Interferometer System | ^ 

The basic optical system of the fiber inter- I j 
feromoter la shown in figure I. Light from an | 1 
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Figure 1 - Basic optical system of single mode 
fiber Inlcrferitmeter. Interference 
fringe pattern at mitput Is optically 
demodulnied using a ritli.l spatial 
filter, then optically detected and 
electronically syiichromiusly demodu- 
lated using n low frequency reference 
signal from tlu> roiailitg clio|i|ier. 

adaptively stahilized 0.5 mW hutlum-neon laser 
aourcc Is square wave modulated by a rotating 
mcchanlent chopper, expanded, and divided Into two 
beams of equal Intensity which are focused using 
standard 20x mJeroscope objectives onto the Input 
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ftidM Ml iw> rrr-iiu HiuKt» mmU* iiiwrH imviitK 

nowliutl 4 rn«-tlt.iiiH"ii'r mri'H. Hm* MKlfrlMr 
Ubpr ItivkMtliMI <•*»»• InniT mImuvIhk wrv 

rmivtHi rnm itw lirHt HvVfrol ctHit iwuti^rtt ul 
kuth BiKdH m b«ih HlH-rH <n«l th»? »r|*«hmI elniltliNt 
WAR iHiliilfii with iiMlvK Mnii-liInN phhIm Htrt|H>inK 
riutd. AppruNlMiltfly 0.) tM al llbur dl thff vndM 
of |Ih> fflllTH UilH IIMl 
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Mll'rUHI'lipf ilbll'CUVMh .Hid hlltWrllUpOMI'd UNIIIK II 

■l•ll>nd l»'.imii|iluifr. ilii> romiM Iiia NtrAlRlit iim* 
lnti'rii‘ri‘ 11 . i‘ ji-HliTii w.h H|uitUilly flliyri'd wUli 
>1 R.milil nil Ini', liiiviiir, <i |ll•rllnll.’Hy I'liitiil in 
lli.il ill llii- Iriiif.i' t"H'‘'^i'‘ Hii'illy, llii’ 

rilti'n'd ii|illml hIkh.i1 win I.hiih.hI and HViiilinm- 
iHHily dviiH li‘d. 

Him .im|iI I Hull' id tin* ai* ri>Hl|iuiU'ni ol tilt* 
dftiu Uil hIriiiiI In (irii|iiirUiinal to Hu* Inittmi- 
l.monuh ih.inm-H in tin* dlHi-ri'nci* in plittut* fliniijt 
till' ri'ii'n'ini' iiml hIiui.iI lilii*r p.iHm, M>t tin* 
l.iNi*r III*, 111 li.ivt* .1 ln*»> H|iaii* prii|iatt.ll inn I'lni- 
Kl.inl k„ .mil ,i Hini'h* im'di' |irii|i.mnt ion tHitiHtniii 
k IiihIiIm Him I iliMrs of ImiikHi I., ton.* dianu*ti*r 
|i, ,iml Indix III rMlia.liiiii n. Tlin 0 |UIm.iI pliam* 
di'lay Ml imI.iIIvi* iMi.iid.ii Ion il llu* 1 1 1', lit lli.it 
|irii|ian.iU‘H iiirmiKli boili illiorN wirliont mniliil.itlnii 
In 


'h.iriplM ^VulcIMlIMM 

Nil tin* rMHilUilig output Mlttnnl in xorn, 

H Him liliMt in tin* H.iwplM nmi in duloniH'd 
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dll Imi miii M 
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fi»r thlH m « f«nrtliMi at ii|r Iraiith. 

jtirntn In «i* ' ■ wht»ri» A In 

ihtf liiMpIdctNiH'Ht of tlw Ire* etui of tit* lNir« an«l 
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r*H|h>riiv*ly. Avorqg* fxportuMHiMl otrolii doio 
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HpoUol ilUorlnit^'^ 

i. KxporlMoiii 
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(Igur* 1 uning no mitowitle Hprtng<*loiMl»d e*nt*r<* 
puncbi Tho contorpimrit woo «wnually operotodt 
ilio point Ittting pimlilonod on tti* flat Hurfari* of 
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ribor toroid. PlKuro A mPown tlio dotorted optlrnl 
HlKnol lorroHpomlinp lo o typirni pulno liroudoiu'd 
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ri){uri* 4 - ItliroHonlf wave pulno dotootod by 
■I ooJIod optlonl flbor omboddod in 
a plant ic ronln dino. 

i our (or oimJynlH of tho pulno Indloaton a bimd- 
widib from 29 Itllr. to 5J kiln and that uignal 
I itmpononiH with froiinonolon bigbor tban ?00 kiln 
aro pri'Hont . 'J‘otal handwliltli In limitod by ibo 
niofb.tnlo.tl roapoiiMo of tbo pimob and tbo onupllng 
I bar.n iorltiilo of tbo flbor-rcnln boundary. Kooont 
nmiliH indioato tbat aimllnr low froquancy 
ultraHonio pulnon may bo doiortod uning a nlnglo 
Htralglit birofrlaKont fibur ombedded in a low 
modulnn no] Id, Calibration iminK a widobnnd non- 
oint.ii'ting toi'lt“l«|no and one of tbo flbor Intor- 
tiTiiiiuior for tbo dotooilnn of ai’oitHllo omlnniun 
in Kolidn In nugnoKlod. 
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Ajmmicjt 

I'll*' at rain Naiiaittvity of ni\ optU-nl flboi Inror- 
(I’niDwtor (lavolopail for itu* dataottun of putaod 
uitrnaontr wiivaa in aoUda h.ia boon inllbratad. 

Ylitt optlrai patha in both atgnai and rafaranco 
arma of tha intorfaroiwtrr nra thrtmiKh alniiar 2 m 
longtha of lfT>IIO atnKio Moda flbara modi atrlppad 
by tndax tMtchlnit at both anda and attachad to 
opponita Hldaa of a 30 cm plualKlaa bar 0>3 cm 
thick. I.i|{ht from tha output anda of both flbara 
WON aupcrlMpoHcd to form no Inicrfaroncc frtiiKC 
pot turn tliat v.ih intcrroKnlcd In thu far fiald to 
y,lvc 0 alpn.ll proponioiuil to iho dlfforontlai 
optical libur path Jcnpth. .ttrnln acnaittvity wna 
determined by comp.iring data nbtnlnpd by cliiwpinp 
nod hondiiiK thu bar at dllfcrunt tunKtha tu aiiaplo 
canil lover beam tluntrv. t'al Ibratiim Indtcaiua a 
nilnlimim thuorutlcol detectable atraln of luaa than 

uriu. 


I m [ udiii 1 J on 

A di I ierentlal optical Imerteroimuer may be con* 
Nitiii'led tmtng aitnllar lenpUiK of fiber wavogolde 
Oh viie piopapaiioo p.ithB in botli the vi'iereme and 
somple arffiri. >Such a mdliied Haclwliielnulor ayntum 
m.iv be naud to meaanre chongea in the difference 
in phaae delay dlatortloii for a alngle mode fiber 
I't circular cross section .la a function of atattc 
>■1 1 ipt iciil ilelormation [I]. Davieai Klogaiey, 
and tdilKhaw later onaldered phaae wodnl.Ttlon due 
It) I'ltangea in the length, dtametec, and refractive 
imlcN ot a fiber Hohlecleo to loiigliuilioal tw'chan* 
teal LecNioo. deniooKl rated a low rrct)iieitcy piexo* 
elecirie modulator oalog a heterodyne optical re- 
relver, amt predicted lite aeuimlie aenaitivity of 
both HiogU- mode ond mnlrlmthle I liter aenKora |2*A1. 
lo Id??, several aurhors reported the delevtion of 
low Irennency .icouaiic wavea in ]t<|tilda nalng 
Hlmllarly deaigned dll Ierentlal lihur Intorferow 
eieia and homodyne optical detection 15-HJ. 

HInce IV??, auch Interferometsra have been devel* 
oped for use In hydrophones hnvlng low nolss and 
high aenaitivity. Aconaile aeimltlvlty of typical 
coiled fiber toroids used in the hydrophonus has 
been calculated for several sHtdeled cases of np» 
pUeil itiechaalcnl deformation and has been eaperi- 

i Coni'. (llunfcHvillti, Ali), 

April, 1981. 


stentally ss'aaured |d,|0i. Kecently, inereaned 
sonsittvity haa been obtained hy opilHMliy ori- 
ent tiiK the hydrophtaie HImt array axia with 
respect to the direction itf propagatinn of inet» 
dent longitudinal sconstlc waves and hy (>mlied>llnt; 
the fiber in s Jacket of stiterlal with a modulus 
Ittwer than that of thu hare fiber itself lll>iYj, 
Concurrent studlas oi filH>r hireiringeiu-e iH.idn* 
lation uffecta and smltlswHte fiber Interferomeier 
performance angKeat addltion.il improvements to 
acoustic senaltivlty ||ri*|8|, 

expor(Mi>nt 

r-ii y#— VOTMlsi »S * 

file basic optical aystem of tin* liber Inter* 
ferometer is shown in Flgtire I. Mghi Imm ae 
adaptively stahilised fl, Y wW hellum-oeoa I.e.er 
source is siiuare wave wodniated by a roi.iitu)' 
iwM'haolcal chopper, expanded, iitd divided iotu 
two he.ims of etiiial Intensity which are liuused 
using slaiidanl ?nx mli romnpe nliji-i i i ve<. Juki iin 
input ends of two l'IT> lift .liogl.' mode fiberN 
having mimioal ?i. l-mleroo-dl.iiM'ier iiires. The 
exterior fiber |ackei log .nid lnm*r plieuic sleeving 
were removeil from the fliM never-il i i-ni lw..|i,r>i ni 
both emlti ol both IlherH and itie exjiosed i laildtng 
was palsied with index malclilng mode hi ripping 
fioldt Approximately 0.'» nn ol fiber at file eiuln 
of the fillers was not pafotiUl. 

noth optical niiecK weie nominal I v .''■w Inii". 

'I'he nample fiber was wound Into a 100 tnni f>*lavet‘ 
tololil having an average dl.tim'ieg i,| 1 ,', ■ m (ml 
emheilded In a plant It realo dim 'i, I i m In dl.nti* 
eter and I.A em (hick, t.lghi I rum t|« mil pul of 
both this sample fiber ami the relenme llb-i was 
colllmitleil iiy a neetnnl net oi tilenliiat mli rma o(i(t 
objeellves and superlmpnneil using, a HCisunl beam- 
splltter. 'I'he resulling sfiMlght line Infer* 
ference patlecn was spa) fatly lllieied with a 
Konchl ruling having a periodielty equal lo that 
of tls* fringe pattern. Finaily, Ihe filtered 
optical signal was fneosed and sym hrooouslv 
detected. 

The ampUlude of the ac eomponeoi ol the detecteil 
algnal Is propnrttnoal to the instantanemm 
changes in the difference in plniNi- along the 
refureneo and signal fiber paihs, |.et the laser 
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ItNHt h«v« « (mv HpHCfl prw|K>i|«tifin cmutiiHt 
and a aliiila hkhIm pci»tiai«tt 0 H aonataHt It tnalda 
tha filwra of lanath I.. inra dtaMtar P, imd 
Indaa of rafraetlun n. Yha eptioai phaan dalay 
or rotatlva ratardation af tHa Itgiil that prop- 
apataa throuph both flbara without wNlulattoh ta 

^•aopia " '^rafaranea * 
au tiM rrauUlnp output alpnal la aoro. 

If tha flbar In tha aaoplt aro la daforoed duo 
to appUad atraua, tha raaultinR ttitnl anopla 
plivau dalay la 

- hi. ♦ hAI. + Wh, (t) 


har» and a and I. am tha thtrhnaaa and IwiRtH of 
tha bar, raapaottpaiy. Avaraia aaparimantal 
atrafn data aRma within ■ pareant to tha thaorat- 
leal valua in ai|uatlon (S) and Indloata an lo- 
provoiiant In tha MlnluHio dateatabla atraln to 
approaiiMtaly |0*I0 by apatlal flltarlnR 

Aohnowladmoanta 

Whan part of thin raaaareh waa parfornad, K. 0. 
Claua waa a VtaltlnR dclantlat at tha NAtiA Unitlay 
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and the output alpnal ta proportional to tha phana 
dlfforam'a 


• kAI. + (3) 

If the iippltod HUt'HH Ih HIWlll. 

K<|u.itioii O) may Im uvnluatad aa 

H * I kl,(.‘o - 1) + L g An (4) 


whero I* la tha proaaura, R la Young* a modulua 
and V la I'otiaoo'a ratio (lU), Por ITT-llO flbar, 
tht< i'h.mKo la In ph.iai< por unit proanura per unit 
flbar length may bu approximated aa 

I'l. Pu - m ' ' 

ClumgoH In Aa o.iUHo tho frlngua at thu output of 
till* IntortoruimHrr to ahllt. Ravaral authora have 
nuMHured thin fringe ahlfi by acannlng tho optical 
intunaity dlatrlbutlun uaing a photomultlpllar 
with n pinhole aperture (7,9l. If inataad the 
iniorteronro puttern la intorrogatud with a 
atndghi llnu apntlal flltor aa ahowu In I'lguro I, 
aaitaltlvlty la Incruaaed IdOj. For axnmpla. If 
tho aiao of tha pinhole la ona-fourth thu width of 
imu fringe In a aquara pattern of 10 frlugaa, 
apatlal flltorlng Ineraaaaa total aanaltlvlty by 
approximately three ordera of maRnltude. 

To calibrate tha Intarfacometar, the dlffarentlal 
ayacim ahown In Figure 2 waa uaad. Tha two 
Intarfaromatar layara ware doubled back on tham- 
aalvaa and glued to oppoatta eldea of a 0.3 c«- 
thlck plaxlRlaaa bar 6-cm wide and 3S-rm long. 
Clanplng one and of the bar and banding 16 aa a 
cantilever producaa tanalon In one fiber, compraa- 
alon In tha other, and a fvlnga ahlft at the 
output. Flgura 3 nhuwa tha dc atraln aanaltlvlty 
calibration for thla ayatam aa a function of bar 
length. Strain la calculated aa t • 3da/4t.2, 
where d la tha dlaplacemant of the free end of the 
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Plr.uro 1. Saatc optica) Intarfcromatar ayatam. by 
apatlally filtarlng tha output intarfarvnea pattarn 
prior to dataetlon, a gain in aanaitivitv ia 
ncliuivcd. 
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Abatraet 


Aeouatle tnlaalon In praatraaaad coapoalta 
panaia haa baaa dacacead ualng aabaddad alngla aoda 
optical flbara. Static loading of cha coapoalta 
natrlK producaa aeouatle oalaalon avontai pulaad 
ultraaonlc uavaa. which Moehanlcally aodulata tha 
aabaddad flbar gooMCry and phaaa aodulata tha 
tranaalttad optical flald. Thla nodulaelon la da- 
tactad by optical Intorfaroaatry and Pourlar opti- 
cal procaaalng tachnlquaa to produca an alaotronlc 
algnal proportional to aeouatle flald aaplltuda 
Intagraead along tha langth of tha flbar In tha 
•paclnan. Exparinantal aeaelc and dynanle call- 
brat lo<, of tha datactlon ayatan la dlaeuaaad and 
fraqrancy donaln charactarliatlon of tha aeouatle 
(laid Inearaetlon with tha flbar la praaantad. 
Putantlal appllcationa In tha nondaatruetlva 
analyala of atructural eoaipoaltaa ara auggaatad. 


, 1. Introduction 

Optical flbar waveguide haa baan uaad aa tha 
light tranaailaalon path In a Maeh-Zahndar Intar- 
(aronatar to aanaa taaiparatura and praaaura (1) 
and to datect low fraquancy aeouatle wavaa In 
liquids [2-S| aa wall as ultraaonlc wavas In liq- 
uids and solids [6|. By anbsddlng an optical fl- 
bar within a solid ■aearial. such an optical fiber 
aystsB nay be uaad as an acoustic nonltor to dl- 
ractly ^atact pulaad Internal acoustic smlaslon 
wanes and slowly varying Intagratad rasldual 
straisaa (7-8]. Tha mechanical rasamblanca ba- 
iwaan optical flbar wavegulda and the flbar mam- 
bars In a compoalta matrix auggasta that replacing 
composita flbara with optical fiber aansors nay 
provide a viable method for tha nondostruetlve 
evaluation of compoalta natarlals. Specifically, 
this auggasta a convanlant taehnlque for Intarnal 
mitnsuramanta In composites using a sanaor which 
is built In during munufar. curing. 

A modified Kach-Zahm.ar fiber Incarfaromater 
is used to raaasura tha changas In the dlfi(ct.cnca In 
phase dulay butwaan two optical flbar paths. As a 
strain gauge In composites such a fiber systsm has 
savaral advantagas ovar conventional nondaatruetlva 
evaluation tachnlques. First, tha fiber may ba 
ambaddad Inside tha composlts so chat direct Inter- 
action with Internal scrass fleldo occurs. Inter- 
nal fields thus are not Infarrad from axtamsl sur- 
face particle dlspUcemanc and. In addition, sur- 
face loading from axtarnal devices Is elimlnatad. 
.Sneond, cha technique has a high absoluta pressure 


seniltivity comparable to that of standard mchsi- 
eon and dlffarantlal acouatoeptlc Intarfaromatars 
and gvaacar than thoae of standard acoustic wavs 
machos. Third, tha 10 micron two-dlmanslonal rs- 
solutlon of the Intarfarometar la reetrlctsd only 
by the flbar dlomator. Tha problems of tlma-band- 
wldeh and spatial resolution associated with pulsed 
acoustic tachnlquaa era not limiting factors, 
fourth, the flbar sensing tschnlqua may ba used for 
masauramants of both high and low frequency CW 
aeouatle fields as wall as high fraquancy sersss 
wava tranalan« . of the typo aasoclseed with acous- 
tic emission n ants, finally, absolute calibration 
of tha system may be sceompllshad (9|. 

This paper reports the datactlon of acoustic 
smlaslon In prastrassed graphlts-epoxy composite 
panels using ambaddad single mods optical fibers 
end auggasta the use of Intarnal filar probes In 
the nondascructlva evaluation of composites in 
critical high serongth structursl applications. 

2. Theory 

A Mach-Zehndar Incarfaromater has been con- 
atructad as shown tn figure 1 using lengths of 
optical fiber wavagu’’da to transmit chu light In 
Cha refarancs and sompl i arms [2, 10, 11). If the 
optical pathlangcha In cha two flbara are nearly 
equal, fixed, and laaa than Cha coheranca length of 
Che coaason monochromatic Input light aourca, opti- 
cally hetarodynlng the output light from cha two 
flbara produces a stationary pattern of concancrlc 
incarfaronca fringes. If tha dlfferaiica batwaan 
cha optical pathlangcha changes, this fringe* pat- 
tarn is dlsplacsd. By apsclally filtering chu 
light In Cha fringe patcarn and optically dacacclng 
tha light cranamlttad by cha filter, an alactrlcal 
signal ralatsd to cha pschlungch dlffarenco M. may 
ba obtained [12] . In ganeral, this relationship Is 
a complleacad nonlinear function but If cha path- 
length la email, At la dlrnccly proporclonal to chu 
alactrlcal output signal (1, 9). 

Savaral physical machanlsms may produce a 
pachlsngch change In one of chu fibers; chase mach- 
anlsma are raaponslbla for chu performnneu of cna 
flbar Intarfaromacar as an acouaclc monitor. Lac 
Cha optical flburs In both Che s.impla and refarance 
arms have langth I, core diameter D, and core In- 
dex of rafracclon n (Ij. If cha laser light haa a 
free space propagation constant kg and a Jlnglu 
mods propagation constant k Inside the fiber, chon 
the optical phase delay or relstlva retardation of 


p repr ittt 
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th« Ught cha( propaaatai thruuih both th* ftbori 
U 

^•mpla " ^raCaranoa " *'*'• 

and tha raauitini output aiinal tn Fi|ura 1 ia 
iaru. U tha fibar In tha aaapla la daforaad dua 
to appliad itrata, a nonaaro output atfnai raaultOi 
Tha total aaapla phaaa dalay la 

0 ^ > kt. kOL a- Uk (2) 

and tha output algnal la proportional to tha phaaa 
dtlfarnnco 



** " *a “ 

If tha appliad atraaa it aaall. Tha affactlva 
^auaaa of tha optical phaaa aodularion hava baan 
Invaatitatad by aavaral authora [1. 10-IS|. Tho 
ftrat tara rapraaanta tha phaaa aodulation pro- 
ducttd by varying rha Iciigth of tha aaapla fibar in 
tha axial diraction. Tha aacond tara rapraaanta 
aodulation cauaad by an affactlva 'ihanga In tha 
propagation conatant k producad althar by tha 
acrain optic affact in tha fibar aatarial or by 
optical wavagulda aoda dlaparaloni Equation (3) 
may ba avaluatad to datarvina tha fibar aanaltlvlty 
CO «dch of thaaa af facta (1). 

An ocouatic aMlualon avant tn a eonpoaita 
aiiaclnan will aodulata tha cMbaddad fibar In two 
waya. flrat* If tha avant ganarataa aeouatlc 
waviH ctiac ara parpandlculor to tha lataral aur> 
Met of eha fibart tha field will conpraaa tha 
fibar, titua altarlng n and k. An aeouatlc wava 
purpandiculat to tha axial diraction of tha fibar 
will cduaa a chansc In tha fibar langeh, chua 
nioduUtlng tha fibur. In tha ganaral caaa, tna 
dcouxtlc flald will occur at an itngla that la 
iiutchar parpandlculor to tha axial or lataral 
uurfacaa ao tha Modulation will ba a conbination of 
chuaa two affacta. Additionally, tha aeouatlc 
flald will ganarata an unavan praaaura diacrlbueion 
(long tha fibar that la apatially dapandant upon 
tha angla maaaurad from tha radlua of tha aourca to 
tha llbar. Savaral outhora hava analyiad thla da» 
pundonca for a ramuta llnaor aourca and hava found 
th,u It producaa tha aama aound praaaura on tha 
aurfaca ac tha azimuthal angla aa an Indantlcal 
tourca having tha aaaur valoclty and balng locatad 
4t tha aurfaca of tha cyllndar at tha aana angla 
|16>18|. "ocauaa tha output of tha aanpla ara la 
offactlvaly tha raault of tha Intagratad atraln 
along tha antlra langth of tha aaapla, w« oaauaa 
Chat Equation (}) may atill ba appliad to tha 
avzcam. 

Tha odhailon of tha aabaddad optical fibar to 
tha coapoaita aatrlx aa wall aa to tha Jackaclng 
nuitarlol around tha fibar will Influanca tha par> 
formanca of tha intarfaromatar aa an aeouatlc noni- 
cor. Tha aiaatic matarial jackat ia dafomad dur- 
ing appliad atraaaoa which Incraaaaa eha ovarail 
aonaltivlty; howavar, eha coupling characcariaeiea 
of eha fibar-raaln boundry limit eha bandwidth 
reaponaa of tha intarfaromatar (6], 


rig. I laaic optical ayatam of ainglo rnuda fibar 

intarfaromatar. Intarfaranca frlnga pottarn 
at output ia optically damodulatad uaing a 
rulad apatial flltar, than optically datacc- 
ad and alaotronically aynchronoualv datectad, 

1. Exparlmaiit 

Tha baaie optical ayatom daacrlbad above waa 
conatructad aa ahown In Flgura 1. Light from an 
adaptlvaiy ataballiad O.S mW hallum-miun laaar 
aourca ia collimatad, axpandad, (ocuaad. and di- 
vidad into two baama which ara focuaad uaing aten- 
dard lOX microacopa objactlvaa onto tha Input anda 
of two ITT-llO aiiigla moda flbara havlnd nominal 
4.3-micron-diaaatar coraa. Tha axtarnai plaatlc 
jackaclng and timar RTV aiaavlng wara rwMuvad from 
eha firat aavaral caneimac'*ra of both anda of both 
flbara, and approxlmataiy cm of axpoaad fibar 
waa painead with indax matching moda acrlpptng 
fluid. 

Both optical flbara wara nominally I m lung, 

Tha aampla fibar waa octaciiad to tha aporlimin 
uaing aavaral diffarant eachntquaa which art ahown 
In rigura 2. In Flgura 2a eha fibar la ahown ad- 
haatvaiy bondad to eha aurfaca of a praacrtaaad 
graph! ta-apoxy compoalea apaclman bor. Tbu orlan- 
catlon of eha fibar it paipandtcular to eha langth 
of tha bar to allmlnaea Intagratad do atraln dua 
to loading; howavar, ainca aeouatlc omUaton wane 
location it not known, thta gaomatry duaa not pnr- 
mlr. optimal pulaa wava datacclon. A piuaou lac eric 
tranaduear waa placad baalda eha fibar for cum- 
parlaon maaauramanta, Tha apaclman wax clampad at 
ona and and a load forca waa appliad at the othar 
and, banding eha bar and inducing aeouatlc oniasion 
dua to fibar braakaga and layar daiamination. 

Flgura 2b ahowa tha fibar ambaddad in coating pUti- 
tie raain whila Flgura 2c ahowa tha optical fibar 
mountad in an additional protacclva and alaeva and 
moldad Into an SMC abort choppad fibar cumpoalta 
panal. At eha output, eha aampla flbara In all 
thraa gaomatrlaa anl rafaranca flbara wara placad 
togachar In a thraa-axia fibar mount ao eha two 
amarglng botna comblnad to produna .o arraighc llnu 
tntarforanca patearn. Tha IntanaUy p.utern was 
apatially fUtarad with a Ronchl ruling and opti- 
cally dataetad. Flgura 3a ahowa the detoccud opti- 
cal algnal corraapondlng to a typical uvunt In tha 
componlta; Flgura 3b ahowa eha aama event dcrcccod 
uaing tha platoaloctrl". tranaduear. 
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U-JVl 

2<H 



»'lt, 3« Tachniqu* far eoafarlui optical flkar mo* 
•uraMitca to pUioalaetrle tranadueor •••- 
■ur«Mneo In « praatrataad grtphlta apoxy 
eoapoaltt. 
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Plgi Acouitlc aalaaton avant In graphlta-apoxy 
coapoalta datactod by aurfaea contact 
aacMicie aalialon tranaducar. 



fig. 3b Optical flbar aaoaddod In coating plaatlc 
raoln. 
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Fig. 2e Optical flbar taboddaii in molded SMC abort 
ciiuppad flbar compoaltn block. 



fig. Ja Acouatlc aalaalon avant in graphlta-apoxy 
compoalta datactad by aingla noda optical 
flbar. 

T)ia IncarfaroMtor waa calibrated ualng a 
ploxlxla»i: bar claapad at ona and aa a eantllovor 
baam. Avaraga axparliaancal attain data agraa with- 
in 8 parcant of tna thaoratlcal valua In Equation 
O) and Indlcata an Inprovanont In tho ninlMua 
vlatactabla attain to approxlnataly 10*10 by apatlal 
flltaring (1, 6, 19). 


A, Dlacuaalon 

gacordod calibration data agraoa eloaaly with 
theory and In addition pulaad acouatlc wave data 
obtained whan the fiber waa adhaaivaly bonded to 
the coapoalta aurfaca la alaitlar to piaioalactrlc 
data taken ualng tha aaaia conpoolta. The data 
auggaata further application to a thraa-dlManalunal 
technique In which multlpla flbara could ba nanu- 
focturad In a thraa-dlnanaional natrlx array with- 
in tha compoMlta and uaad to obtain throa-dlwan- 
elonal acouatlc aalaalon pulaad field aaaauramant 
reao lilt Ion. 
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Application of Ultrasonic Interface Waves 
to Nondestructive Evaluation 
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Pulaetl uiti'aaonic leaky waves cm n tltnnium nlumlnvim boun-lury. 
Richard 0. Claua (Department of Electrical Enginoorlru;, VlrKlnln 
Polytechnic Inatitute and State Univerolty, Dlaekaburp;, VA ?l»06l) 
and Ronald A. Kline (General Motors Research kaboratory » Warren, 

MI »»0090) 


Pulnod C.l-MHa lonky wnvoa on an ndhcalvely bondod tltaniuin- 
alumimm interface have been generated and detected by aluminum Rayleigh 
wave mode cotweralon. Specimens were pr«'pared by binding 0.9‘i-cm x 
1.27-cm etclied Utanlvim alloy bars to largo aluminum aubatrnta-n and 
compreaning no the thickneas of the adhesive laytu* wan much nmalle" Hem 
the acouatic wavelength. Total losaea of lour. Umn l'.^* ID du(' to m.)de 
conversion and attenuation along the 1.27-om interface have been 
obaorvod. The udlumive bond geometry ia modeled aa o, limil I layer of 
thiekneai! II nepnmt ing two isotropic solid half-apneoa (A. H. Ilanghar, 
n. S. Murty, and I. V. V Rnglumudnivyulu , d. Aeouat. I'oe. Am. fiO, 

IO71-IO7B (19T6)J. Measured leaky wave velocity ia approximately prelioted 
by the ease where H approaches '.'.ero and the viaeonity of the llijulil becomes 
large ID. A. Iice and D. M. Corbly, lEBiE Trans. Sonlca Ultrunon. i'd!-:?l*, 

20b 'I'M 2 (1077)]. Pavtielc. displacements near the boundary in both the 
titanium and the alumimim are derived for this case and chimgea in leaky 
wave attenuation due to small variations in It are predieteii. [Woi-k 
partially aupporbed by NBF.] 


Technical Oommittee: Physleal Aeoustien 

PACP numbf'i'ii : Hd.3h.Pt, oB,. 3'^ 

TelephoM*' number ; (701) ohi-’fpQ^ gjnus) 

Acousc. Soo. Am. Nat. Mt'suting, Los Angeles, GA, November, 1980. 
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l•lll..s^,-l:(:llo inti:i»I'Aci; wavi; ciiAHAcrKuizATioN 
oi- l»LTi:i> I'UTKH 

VYIIMN M. 'rUUNKU, lUClIAttI) 0. CLAUS .liu) STKWAK'I' L, 0(;i|(a,'l'IU:i': 

l)L>|iiirtiiioiu of KU'i-irlc.il I'.nKlnuorlitK 
Vlrt'lnlii I’olytofliiili’ Hixciiuto aiiU Siaie UnlvcrMity 


AliHtjjU'.l 

UlliMHiinl( w.ivi'h wliUli |ii o|My,.iu> liiv pl.inu 

hiiiinil.irv Hi'iiiii Ml I II)', two Holid miliHtrati'H liavi> l>ocn 
iiHi'il III I li.irarU’r I /!' iiluminum ami lilfiiiluin 
.ullll'K I VI' I y IlDIKli'll Mini IlilllCll tll)>l'llll>t‘. (iMtUll 
Z.li'i Mil/ slirflU'i,- Mi'iMiHllr WMVo |)iilhen wen* y.uncra- 
I I'll iKilii)', M Kayli'ltili-Mii); li' lui'lU' wtnlBC on a 
7079-Tfi M I iiiiilmiiii |)lMto. TIiohi,* piilHOH woro iIilmi 
iisihI III prodiii'o I III or I aco wmvoh luuwccn llio 
Mliimimiiii Mild a TI-6A1-6V lUaiiL.ini alloy bar by 
niirnial mndo I'unvoi’H Inn. Iniorfaoo wave rcflootlonH 
I rum bull Inili'ii ill I Mod I In ini>',li I lio iiiloriaoo wore 
ruconvoi led In HtirlMi'o w.ivi' |iiiImuh and delooted by 
the anmo wedge by h lamia rd piilHC-oflio toelmlqueN. 
Tliiio Ilf rriglit mi'aHiireiiienlH Indicate that the 
roflootoil waved .ire a Kuperpoal l Ion of I onulliid In- 
H iiiodoK and olreiilarly nyimnoirU’ w.ivoh that 
rop.ig.ile arinind llie boll hole. I'oleiHlat 
anpl loMi lonii In iho nim-detu ruel Ive evaluation of 
aorodpaee ulriiiliireu Id dliioniiHud. 


Int/iidiiet Iqii 

I’artlrle motion waved that travel alonn ibe 
boundary between dot Ids are called Interface waved. 
Like waves which travel over free solid Hurfaccd, 
ihese w.ived have energy which Is confined to the 
two dimensions that define the foundary. The 
motion III particles on either side of the boundary 
Is attenuated rapidly wltli distance Into each of 
the substrates and tlie motion In general is «!lllp- 
tleal retrograde with respect to tlic direction of 
w.ive propagation. The two-dimensional particle 
motion I lelds are determined by the rel.'itlonshlps 
between the elastic const. ints of the two solids 
and by the wavelength of the acoustic wave along 
the hound.iry [1|. 

Recently, several authors have reported the 
application of Interface wave toclinlqucs to the 
evalu.iilon of the material properties of the 
contact zone between two adjacent solids [2,3|. 

Of particular Importance may be the use of ultra- 
sonic Interface waves to determine tlie Integrity 
of completed adhesive bonds between pairs of 
structural materials. These types of bonds may be 
evalu.ited using standard time and frequency domain 
ultrasonic methods which can bo used to Identify 
gro.ss delaminatlon between the adhesive and 
adherent, or large voids eltlier In the adhesive 
layer Itself or In the surfaces of the two 
materl.il surfaces. Stand. ird teclinlques, however, 


are Insensitive to the most Important bonding 
problem, that of the weak bond where the solids ,iir 
In Intimate cont.ict with no voids but there Is 
little Interfile lal titreng.th, 

Interface waves are Ideally suited to this tvpe ui 
boiul Inspection. Since the w.ives travel .ilong the 
Inlorfaco rather th.rn through It, they s.iiiiple hiiiil- 
llnc conditions over a larp.e are.i. Also, the 
ohservabloR In the experimental me.isuremeiu system, 
the .Itteiuiatlon and velocity oi the waves, are 
functions of the in.iterlaj pro|)eri les of the 
.idheslve and adherent, the viscosity .iiid miii'I.iii' 
conditions. 

In this paper, recent experimental measurements ol 
gross bond defects using iiulse-eiho and pitch- 
catch Interface wave methods are dlsciisHed, The 
theories of Interlace w.ive prop. ip,. it ion .ilonp, .in 
adhesive layer are first described, the experi- 
mental arrangement and results then presented, .ind 
conclusions concerning applications In non- 
destructive evalii.itlon finally discussed. 

'I’jituirji 

Tliere are several theories which describe the 
propagation of bound el.istlc waves along solid- 
solid interfaces. All have been discussed exten- 
sively In the literature and so will only be 
reviewed briefly here (l,fi,'i|. f’lrst, the hound.iry 
may be considered ideal, th.it Is, the solids are 
modeled ns Infinite homogeneous h.ilf-spa\'cs In 
contact over a perfect plane. Ily assuming exact 
continuity of particle motion and stresses across 
this plane, an equation ol motion for waves hound 
to the interface may he deiermlned. Ite.il roots to 
this equation correspond to .Stone ley w.ives, bound 
elastic waves that propag,.ite without at lenu.it ion 
along the plane. Tlie existence of re.il roots Is 
limited to a narrow range of solid-solid material 
properties so Stonelcy waves do not exist In 
general on solid-solid boundaries. .Stoneley waves 
have been goner. ited and detected by several 
authors |1,6|, 

The Inclusion of iulheslve material between the 
solids complicates the physic. il system and permits 
several variations in the model. if the adl'.cslve 
layer Is considered .is a purely viscous material, 
observed nonlinear re I .it lonshlps between wive 
velocity and boundary layer density may he ex- 
plained |l|. If the model Is broadened to a visco- 
elastic approximation, lime dependent moduli 
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lEEE Region 3 Conf. (Hunt.sville, AL) , 
April 1981. 


vnrl»iii>n« tint* to hu'i’nn aiid iluMimil cyi ltiiK wity 
iilmi b« •xpliilnvd 13|. Kuccitl work by Kllna 
littampta to Incluilw Konoraltxoil offoota charnctar- 
iHtlti of oiicli of tlii'Hi* modutH |7|. 

tvxparlmMHt 

In ilita exparlMnt, tho offvuta of lurga dafacta In 
boundary atructura on wnvo nttonuor ion wara 
inaaaurud. Surface woven ware generated ot 2,2i HHx 
on o S3. 2 CM aluminum bar 15 cm wide ualng 
Harlaonlc ABM020<i plaatlc wedgaa no ahown In 
Figure 1. The aurfocc woven were Incident upon o 
1.0 cm wide titanium bor 0.5 cm thick which wna 
glued to the aluminum aubntrate. Part of the 
energy In the Incident wove woa mode converted 
into 0 wnvo on the Intcrfoco between the aluminum 
oikI titanium. At the oppunlte aide of the bar, the 
wove waa reconverted to o aurfnee wave which wnn 
detected by n aecond HorlHunlc ii'onnduuer. 

Meti'iitek ultranonic puloerH ond roceivero were uned 
to generate and receive thu ultroHonlc pulBea which 
were obnurved on n monitor oacilluncnpo. 

Three apoarntc conca were atudied. Fliit-bnttomed 
lioU’H 0.()/< cm In diomelur were drilled through the 
t llanlum/oluminum block. Thu otcenuution of thu 
tc.-inomi tted interface wove waa meamired an a 
function of distance along the bar near the hole 
and mirni.il to the direction oi wavu propagation. 
I’ulse-echo and pltch-crtch meaauromunts of ro'flcc- 
t Ion and attenuation, respuctively, wore made for a 
hole tlirough both solids, Similar data was obtain- 
ed .irt ,t function of hole depth by gradually 
tncreaning the depth of tite hole In Increments 
while measuring ultrasonic pulse amplitude. 

Kc fill I t s 

The results of our measurements arc sliown in 
l'lgori"S 2, 3, and 4. Figure 2 shows the spatial 
cross sei'tlon response obtained by pulsing one 
ti.insdiiccr ,ind detecting the ii'anumitted pulse by 
the second transducer. Significant attenuation of 
the pliclicd signal is evident at tlic location of 
the hole. Data shown in Figure J was obt.ilned by 
pulsing one transdneci' .iml me.isnriag the rcflucled 
sign. it delected by the s.inie li.insdncer a short time 
l.itci . Here, a aignlflcani rel lection is obtained 
.It itie toc.it ion correspond log to ilie center of the 
hole, D.il.i plotted in Figure <i corresponds to tlie 
pi 1 1 h-i .itcli attennatlnn of interlace waves incident 
upon .1 K.imple with a hole of increasing depth. 
Attenuation is seen to increase with increasing 
dcptli; more aiteno.it ion is obsorvod lor the 
liomlmim th.iii ilie tit.iniom due to the nneipi.il divi- 
sion oi longitudinal and shear wave compunenl 
energies in the two materials |l|, 

r_oiic I osj[on 


Transmitted and reflected ultrasonic interface 
w.ives have been used to locate bolt holes In 
.idheslvely bonded samples. Interface wave tech- 
niques arc suggested as sensitive nondestructive 
m■•tllO(ls ill adhesive bond evaluation. 


At' kiHiwIe ilgHiellts 

This resuareh wan partially snpporU'd by NHF Craai 

F.CS-79253fiO. Samplea were doiiaied by the Uenural 

Motors Rssearch l.aboratory. 
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Abatract .- UUraaonlc Stonoley and Ic/iky intorfart* wnvt* te«'lmlc|uc!H luivo bu«n 
applied CO cho rhnracCerlzaclon of the bonditnc Ntnicttirc atui tlie 
Hurfacti bulk propertlca of flat mctnl alloy namplea aepnniCcct by a chin layer 
of polymer ndbeulvc. Interface wave cnerny Ih confined to thu ref.Ujo 
lalnlng the polymer and extending approximately one ultraNonlc wavelength 
Into each of the metal aubatratea. The amplitude and dlatrlbiitlon of local- 
ized particle motlona both normal and parallel to the Interface are Henalllve 
to point defectH at the polymer-metal boundarlea aa well na to grain boundar- 
lea and dislocations near the metal aurfaces and to microcracks In the 
polymer. In Chin papor» the meanured sensitivity of Interface w.ive aiteinia- 
rion Co defects near the bondline and to varlatlonn In Che viscosity of the 
adhesive layer is compared wltli theoretical changes predicted by Che model 
developed by Rokhlln. Two experimental Cecltnlques utilized to obtain these 
meuauroments arc presented. First, differential Interfetometric optical 
measurements of Interface wave attenuntlon due to defects near glass-polymer- 
metal boundaries are discussed. This sensitive laser probe method allows _^o 
cite detection of averaged periodic surface displacements as small as 4 x 10 '’a 
and localized reflections and scattering from Individual buried defect sites. 
Next, pit h-catch and pulse-echo methods which use variable-angle wedge 
transducers to generate and receive modified interface waves and Co measure 
large bondline defects and adhesive viscosity arc described. Potential 
applications to the characterization of completed polymer adhesive bonds 
are suggested. 


Introduction .- Ultrasonic waves which propagate along the boundary between pairs 
of solids and which have wave energy confined to a thin region on either side of the 
boundary arc known as interface waves. The spatial distributions of tlie. p.irtlcle 
(Jlsplacoment fields in both media are determined by the mechanical boundary con- 
ditions Imposed at the interface and the velocity of the Interface waves Is bounded 
by the lower of the speeds of distort Iona I waves In the bulk of each substrate .incJ 
tlie higher of the speeds of Rayleigh waves on the free surfaces of each mater l.il 
Independently. If the surfaces of both solids are in Intimate contact such that 
both particle displacement and stress are continuous across the boundary, an 
equation of motion for ciasslcal unattenunted Stoncley waves bound to the stirf.ice 
may be dterlved(l,2] . Real roots to this equation occur only for a limited range of 
media making Stoneley wave propagation a case of limited practical intorest[3]. 

J^/f the . splacemmt or stress continuity conditions are not satisfied, smooth 


coniuct and nllp eontncl nppiH)xlm.iUi>HH to iho ideal wolded cont.ii t uaHo art* ol»- 
tainod|4] . 

A phyalcnl model that is rnufe appropriate for the considorat ion of roaUstlc 
malorlnl boundarius assumus that tlu> two solid media are Koparated |>y a thin layer 
of uniform tliickness II as shown in i'iguru 1. If this layer is iluuighi of as the 
combined mlcrosurCace layers of both media which iuive densities and cLastic 
properties different from those of the substrates, the system may be modeled as 
three elastic layers and tlie propagation of a wave confined near the middle layer 
and its sensitivity to microsurface structural changes may be derived. If instead 
tile layer is a ll(|uid, a titin film of udlteslve, lor example, tlii> relationship 
between the litjuid viscosity n and tlie tliickness II determlms the propagation 
cliaractorlst Ics. Specifically, if the magnitiides of i| and II are siich that ii’-H and 
the ratio p/h approaches zero, smooth bonding is defined wliile if p approaches zero 
but p/li remains finite, loose bonding occurs! I), linally, both tlie elastic and 
viscous damping properties of the layer may be considered by assuming the l/iver to 
be a Voigt solid and satisfying tlie eight acoustic potenti.il continuity coiulltlons 
.It ibe upper and lower iayer~!Uibstrate bouiidark's. I'lie ri'suitliig determliiaiii.il 
characteristic equation may be expressed as 

U' A' + K' A’. + f - 0, (1) 

a a r r 

where A* is the characteristic function for ant Isvimnetr Ic Laiiih waves is a viiao- 
u 

elastic pl.ate with unloaded surfaces, Is the characteristic function im Kaylelgh 
waves on .i viscoelastic half-space, and K^’^, K^, and f are functions ot ilie clast Ic 
constants of both substrates and tiie modified viscoelastic moduli of tlie liquid 
layer! (i, 7 ) . 

The viscoelastic layer model predicts several interf.-ici> w.ive .it Leiiu.iL ion 
mechanisms which are of specific importance in the evaluation of .idlieslve tiond 
integrity. Tirsl, if there is a localized discontinuity in particle d 1 sp 1 .iceiiieiit. at 
one of the layer interfaces, the effective rigidity is iiiodllled locally, c.msing 

M,. />, 

H V P 

7 / / /\ / // // // // / / / 7 - 7 " 7 * 


Fig. 1. Geometry of solid media denoted by subscripts 1 
and 2 separated bv a thin viscoelastic ll(|ul<l Mliii. 
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Fig. 2. 9MH« iutorface wnvt* 
iictvnuailan due to eurfuce tlt»- 
fectH on 7740 pyrux-crown glnsH 
houiulnry . 


Flat 0.05 0.10 

MEAN DEFECT DIAMETER (mm) 

wave reflection end damping anu n decrease In lolerface wave veloilly. Due lu iIiIh 
effect, wave attenuation sliould provlue a measure of I he penentage ol the InuulUne 
In ideal rigid adhesion. Second, changes in the pl\ynlcal structure ol the I.tyer 
vary the tlme-dependunt viscosity and damping. Such changes have been related t.) 

Che state of polymerisation of the adhesive and the compressive stress applied fo 

the layer (6). 

E xperiment .- To measure the Interface wave attenuation due to slip at the layer- 
substrate boundaries, defects were introduced on one surface prior to bonding. 
Optically flat 7740 pyre: specimens wore ground with Increasingly coarser grades of 
optical abrasive polish, optically Inspected to determine the surf.ice defect slxe 
distribution, and bonded using two-part epoxy polymer adhesive to aluminized noro- 
Blllcate crown glass optical flatstB]. The attenuation os a function of surface 
defect diameter sl>own in Figure 2 was determined hy optically measuring Interface 
wave amplitude along the interface using the dif fert'iitial interl erometric systeiii 
shown in Figure 3. Here, tl«e two arms of the interferometer are focused through the 
Lccua;.:rent crown glass sub stra te to points at the Inter ’acr separaled hy half an 
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Fig. 4. I'itch-cutch 
ulcraHonlr giomucry UHUd 
to detuct 2.25 MII 2 inter- 
face wave attenuation r>id 
velocity variations as a 
function of applied com- 
pressive stress. 


acoustic wavelcrtgtii. Detected signal amplitude is proportional to tlic optical 
pathlength difference between the two beams and thus to the amplitude of the normal 
component cf particle displacement at the interface. Attenuation measurements are 
limited by u minimum detectable wave amplitude of A x iO X[9]. 

To measure the attenuation due to variations in boundary layer structure, 
Interface waves were generated and detected using the pitcli-catch Kayleigli wave 
conversion geometry sliown in Figure A. Rayleigh waves generated on tlie surface of 
an optically polislied nickel substrate were mode-converted into interface waves on 
tlie nickel-aluminum boundary, and changes in tlic amplitude of the reconverted 
Raylelgl) waves at the output were measured. Boundary layer structure was varied for 
samples with and witliout an adhesive middle layer by applying an external compres- 
sive stress to the materials equal to seventy percent of the yield stress of the 
aluminum. Witliout the adhesive present, the mlcrosurfacos of the substrate 
effectively form the layer since density near the surface is less tluin that in the 
bulk. Compressive stress increases this surface density and, in qualitative agree- 
ment with theory, nonlinearly increases both wove velocity and attenuation as shown 
in Figure 5(10], With the viscoelastic adhesive present, stress Increases layer 



Fig. 5. Nonlinear changes in 
2.25 MHz interface wave velocity 
and attenuation versus applied 
compressive stress. 





n>». 6. llyHti'reHiH in 2.1>') Mil* 
inrerfacu wave velocity veraus alxLy 
Hocond compreaHlon cycling. 


viscosity, also causinR velocity and attenuation to Increase. l-'tBure f>. shows 
representative velocity hysteresis measured for sixty second compression cyclInK 
due to the tlme-varylnn behavior of in tl>e layer. 


3 . RcHults .- Modeled effects on Interface wave attenuation due to both boundary 
defects and Interface layer viscosity variations luive been experimentally measured. 
UesultlnR wave attenuation may be used to Indicate tl>e percentage of InterlaclaJ 
.irea not in Ideal adhesion and the state of polymerization of Interface adhesive 
materials and thus to character lac interface bond intejtrity. 
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ABSTRACT 

Bondllnes between polymer adhesive layers and aluminum and 
nickel alloys adjacent to the layers have been characterized using 
ultrasonic Interface waves which propagate along the polymer-metal 
boundary and sample bondllne structure. Since the depth of pene- 
tration of bounded wave motion Is limited to approximately one 
acoustic wavelength within the material on either side of this 
boundary, sensitivity to subsurface defects may be altered by vary- 
ing wave frequency. Interface wave propagation models based on 
viscous, elastic, and viscoelastic mechanical properties are review- 
ed. Gross boundary anomalies such as large defects and localized 
disbond regions have been measured using conventional high-frequency 
pulse-echo and pitch-catch ultrasonic techniques. Bond durability 
has been estimated by comparing detected wave attenuation versus 
frequency as a function of pre-bond surface preparation with the 
experimental limit obtained for perfect welded contact. Sensitivity 
of Interface acoustic field periodicity to both residual and dc 
applied stress at the boundary surface has been observed as well as 
hysteresis due to viscoelastic polymeric behavior as the applied 
stress Is cycled. Optical and acoustooptlcal techniques for bonded 
surface Inspection and Interface wave detection are discussed. 

International Symposium on Physicochemical Aspects of Polymer Surfaces, 
New York, August 1981. 


INTRODlIC'ilON 


UUr.»8onic wnvea which prupuKate aionp, the boundary hutwcon 
paii'8 of Bollds and which have wave energy confined to a thin region 
on either aide of the boundary are known as Interface waves. Tlu* 
spatial iliatributlonB of the particle dlaplacoinent fieldH in both 
media are determined by Ciie mechanical l>oundary conditions linpmuul 
at the interface and the velocity of the interface waves is hmmded 
by the lower of tlio speeds of distortlonal wave.s in the bulk of each 
substrate, and the higher of the speeds of Uaylelgh waves on the I ree 
surfaces of each material independontly . 

It the surlaces of botlt solids are lu intimate conlai't such 
Chat botit particle displacement and stress arc continuous across the 
boundary, an equation of motion for classical unattenuated Sloneley 
waves bound to the surface may be derived fl). Real roots to tills 
equation occur only for a limited range of media pairs making Stone- 
ley wave propagation a case of limited practical interest 12). 11 

either the d isp I icemen t or strecs continuity conditions arc not satis 
fled, smooth contact and slip contact approximations t«» the Ideal 
welded contact case are obtained 13]. 

A physical model that is more appropriate for the consideration 
of realistic material boundaries assumes that the two solid media are 
separated by a thin layer of uniform thickness II. H this layer is 
thought of as the combined mlcrosurfacc layers of both media which 
have densities and elastic properties different from those of the 
substrates, the system may be modeled ns three elastic layers and 
the propagation of a wave confined near the middle layer and Its 
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•ensicivicy to mlcrosurfaca atructural changes may bu derived. If 
instead the layer la a liquid , a thin film of polymer adhesive, for 
example, the relationship between the film viscosity n and Its thick* 
ness H determines the propagation characteristics. Specifically, if 
the magnitudes of n and H are such that n>>H and the ratio n/H approaches 
zero, smooth bonding is defined while if n approaches zero but n/H 
remains finite, loose bonding occurs [4]. Finally, both the eJastic 
and viscous dumping properties of tlie layer may be considered by ossuining 
the layer to be a Voigt solid and satisfying the eight acoustic potential 
continuity conditions at the upper and lower layer-substrate boundaries 
(51. 

Recent analytical research of the interface wave field problem has 
centered on the implications of solutions of this general case to 
practical physical systems (6. 7). Specifically, the viscoelastic 
layer model predicts several interface wave attenuation mechanisms 
which are of direct importance in the evaluation of the integrity of 
completed adhesive bonds. First, if there is a localized discontinuity 
in particle displacement at one of the layer Interfaces, the effective 
rigidity is modified locally, causing backward wave reflection and for- 
ward wave attenuation and a change in interface wave velocity. Due 
to this effect, wave speed and damping provide an Indication of the 
percentage of the bondline that is in ideal rigid adhesion according to 
this model. Second, changes in the physical structure of the layer may 
also vary interface wave attenuation via modulation of layer viscosity. 
Such changes may be related to the state of polymerization of the 
adhesive or to either compressive stress applied externally to the 
layer or Internal residual stress. 
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In chla paper, analytical and experimental renuUN obtained for 
metal-polymer boundarlca are reviewed. Interface wave models are 
briefly described In terms of ultrasonic field parameters. Ultrasonic 
wave detection of gross boundary defects by pulsed surface acoustic 
wave toclmlqucs and small defects by continuous wave attenuallon 
measurements are discussed and observed nonlinear changes and hystcMi- 
8l8 in wave velocity due to applied stress are explained Jn terms of a 
simple nonlinear polymer density model. Finally, optical iiiv.iiuiremcni 
systems for the detection of interface wave observables ami their 
advantages over surlace contact transducer methods are noted. 
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THEORY 


A slmpl* chr«i« layar modal for the geometry of a polymer-metal 
boundary ie ahovm In Figure 1 where X and p are the Lniml conatanta 
and p the denelty of the layere. Here the eubacript 2 denotos the 
metal subatrate on the bottom^ aubacrlpt 0 denotea the polymer material 
of thlckneaa H ahown In the center, and aubacrlpt 1 refera to the 
top layer. By apeclfylng X^, and p, and the boundary condltlona 
nt the upper surface of the polymer layer, substrate 1 may be chosen 
to be vacuum for the case of a simple polymer-metal bond or a second 
metal substrate for the case of a metal-polymer adheslvc-motal bond. 
Ultrasonic wave propagation along the one or two resulting Interfaces 
Is dependent upon the nine elastic constants shown and upon the 
layer thicknesses. Since the wave-induced particle motion Is con- 
fined to a region extending approximately one acoustic wavelength 
Into each material In the z-dlrectlon, the field expressions that 
may be derived assuming Infinite half-space substrates must be modi- 
fied If the layers are thinner than several wavelengths in order to 
account for the field Interactions at both boundaries of the polymer. 
Typically, Interfaca wavelengths at aeveral megahertz are less than 
one millimeter and the generated normal components of particle dis- 
placement at the Interfaces have maximum deviations from the unper- 
turbed surface level of several tens of Angstroms. 

For the simplified case of a thick polymer layer perfectly 
bonded to a thick metal substrate, both particle displacement and 
stress are continuous across the metal-polymer Interface and inter- 
face wave velocity, C, satisfies the resulting characteristic equation 
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( 1 ) 


cS(p^ 



+ 2PC^p^M 2N2 - - p^ + p^) 


+ - IHM2N2 - 1 ) - A^ 


■ 0 . 


In this equation, 


^ (1 - ; 1 - 1 , 2 ; 

t (1 - , and 

p i (P^Si^ - PjBj^). 


( 2 ) 

(3) 

(A) 


whei ‘0 and O 2 are the dllitatlonal (cotnpreaBlonal) wave speeds in 
the two media and 3^^ and are the shear wave speeds. The range of 

existence of real solutions for C in (1) is determined by the relation- 
ship between substrate and layer elastic constants [8], itecause th<? 
ratio of the ratios of density and rigidity modulus of many polymers 
and nickel metal alloys are approximately unity, (1) has real solutions 
for many boundaries of polymers with these materials [9]. These real 
solutions correspond to the propagation of unattenuated waves along 
the interface and such waves are especially useful for the experimental 
characterization of Interfacial properties. 

If instead of a single polymer-metal interface the more general 
case of a film of polymer adhesive between two metal layers is con- 
sidered, solutions to two equations similar to (1) must be obtained 
corresponding to waves at both film-metal boundaries. For thin films 
the Interaction of the two wave solutions with the opposite fiJm 
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boundarieH caution a purelal acountic wave guiding uKuct wlchlii tbu 
layer and the oquaciun for guidod wave velocity beconiea 


^■ol V jVIlI.. 

~ J An jl, i,j.l| (n|iij) 


+ (ySj - + 2 o 


2 *'0 


( 5 ) 


X . 12(282 “ ‘^2^ “ 


whore « “ k/k^, h - k^h.f, » kj/k^, ■ k^. /k^. 


f.y « k|^/kj^,(5 - - 1)*, Y * (u^ - 


3q " ('1q^ - n^)* - ImPq/(MqP) - «^]^ 


>0 “ (Cq^ - S *>2 « 28 y - W, 


W - ■»• 8 ^, Wq - - 8 q^, Sj^ - 8 jjaln(y» 


X {(8in(YQh)]/YQ}, - co8($Qh) cosO^h) co8(YQh), 


82 - 8^8111(8^11) coa(yJ\), - cosOyt) { [sln( y^h) J/y^j) . 


A - - Aa^8Y is the characteristic function for tho Knyleigh 

2 2 

waves; A * W„ + Aa S„ is the characteristic function for the 
a 0 ^2 2 

antisymmetric Lamb waves in an elastic layer with free boundaries, 
and k^ are the wave numbers for the shear and longitudinal waves 
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in the h«lf-»pac«i. and k^ art tha corroponding wava numbera 
Cor tha layar. k la tha wave numbar of tha intarfaca wava [10]. 

If (5) it almpllflad into tha form 

A + F(A + A + M) - 0, (6) 

a r a 

whara A la the churactorlatlc equation for Stonelay wave propagation 

a 

in (1) and F and M are conatantu, variation of F front zero to one 
correapondR to the change in boundary conditiona from the two media 
intarface wave case in (1) to the guided wave mode cuae in (5). Ihe 
effects of changes in field component solutions as a function of this 
parameter are described elsewhere [11]. 
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POLYMER-METAL SURFACE DEFECT EFFECTS 


BxptrliMnc«Uy» boundary conditiona raqulra chat no ralaclva 
diaplacamanC occura batwaan cha two laodia aurlacaa and that no voida 
axiat at cha boundary. Straaa diacontlnultiea and alip ot the inter- 
face could originate at Incluaiona* voida, poroaity, or rogiona of 
poor adheaion. All of Cheat factora can affect tha propagation of 
wavea along tha boundary and the wave obaervablea may be uaed invoraely 
to dotermlne thcae factora. 

The offecta of dofects with dlmonaiona both large and amuli 
compared Co an acouatic wavelength have been meuaured. DeCecciun of 
large defecCa at the boundary uaing conventional pulae-echo and pitch- 
catch ulcraaonic tochnlquea waa performed to demonatrate the cnpabili- 
ClcB of Interface wave probing using these standard surface acoustic 
wave (SAW) methods. The interface wave generation and detection 
geometry is shown in Figure 2. Repetitively gated ultrasonic SAW 
pulses with 2.1, 8.0, and 9.0 MHz rf carrier frequencies were initially 
generated on the plane surface of an optically reflective 14.2cm 
X 6.8cm X 2.5cm aluminum subatrate by an x-cut piezoelectric quartz 
crystal transducer mounted on a conventional Rayleigh angle wedge. 

t 

SAW with 42A peak-to-peak maximum surface particle displacement 
amplitudes were optically measured one millimeter from the top of the 
wedge. At the near edge of the 6.2cm x 6.2cm x l,2cm titanium alloy 
block shown bonded with polymer adhesive to the substrate in Figure 2, 
more than 95% of the energy in the incident SAW was reflected and a 
large SAW SWR was observed on the substrate surface between the trans- 
ducer wedge and the block. Incident SAW were mode converted at the 
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front comar of the block Into wavaa on tha Intorfaca botuatn tha 
aubstrnta and tha block as well as Into dJlltatlonal and sh or waves 
in both madia. Intarfaca wave attanuation from the front edga to thu 
back edge of tha block was datarmined by optically measurinK input 
and output SAW ainplitudas as shown. 

Largo dafsets at the boundary were produced by drilling 6.J5 mm 
dlr.'neter holes normally through the entire Al-polymer-Ti sandwich 
at the center of the Ti block [12]. The location of those h’<ies 
WAS ultrasonlcally determined by scanning both the puititionA of the 
input wedge transducer and similar output receiving transducera. The 
location of the drilled holes is well characterised by the received 
pulsed signal amplitudes plotted for both pitch-catch attenuation 
and pulse echo magnitude modes in Figure 3. 

Interface wave sensitivity to near-boundary defects and substrate 
thirknesB has also been determined using a similar hole geometry. 

By milling 6.35 nun diameter flat-bottomed holes of increasing depth 
into the titanium alloy sample, the distance d between the hole bottom 
and the interface may be modulated. As d decreases, transmitted inter- 
face wave pulse attenuation Increases as shown in Figure 4 where thu 
theoretical decrease for a titanium sample and experimental data arc 
compared. It should be noted that since the decay of field components 
into each substrate occurs at a different rate, a different attenuation 
versus depth curve would be obtained if the hole were drilled instead 
through the aluminum block. 

Much smaller Interface geometry defects were generated by roughen- 
ing the metal substrate surfaces, which were originally polished optically 
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flat, with different gradea of optical abrasive. The substrates were 
then cleaned and again bonded using polymer films. Surface pits optically 
measured prior to bonding were produced by abrasion and were filled 
with the film material causing a nonuniform film thickness between 
the substrates. Continuous Interface wave attenuation due to the 
variation of the thickness of this film versus pit size Is shown in 
Figure 5. A significant difference In attenuation between 2.1 and 
9 MHz waves has been observed [12]. 
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POLYMER LAYER AND BOUNDARY EFFECTS 


polymer layer and polymer-metal boundary propiM'Clea 
may be cbaractcrlzed by obaorvlnK interface wave velocity sliifts cauaed 
by changoB in polymer structure. Such changes were produced in several 
ways and the resulting shifts monitored. First, both external dc and 
cycled compressive stress loads were applied to the polymer layer 
between metal samples as shown in Figure 6 such that the maximum 
applied stress was eighty percent of the lower yield stress of the 
two substrates. Assuming that the polymer uiuler dc compression beliaves 
as a randomly arranged molecular powder, the density of tlie polymer 
layer may be modeled by the relation [13]. 


P 


polymer 



I 


wlicre pQ is the density in the unstressed statu, P is Lite applied 
stress, Pq is the yield stress, and a is a constant determined by 
tile material, '"'be change in p with a static load P increases wave 
velocity as shown in Figure 7. If the load is repetitively cycled 
from zero to P to xero again, hysteresis is observed. For a ramped 
load cycle of 0.1 Hz the velocity hysteresis also sliown in Figure 7 
is obtained. The rate of decay of the stored energy per cycle, in 
this reaction may be directly related via polymer compression and 
chain cross-linking to the internal friction [l^l] and shear modulus 
modulation [15] in the layer. Finally, similar effects duo to cross- 
linking have been observed by allowing a thin film of polymer adhesive 
between metal substrates to cure while monitoring the velocity of 
the transmitted wave [12]. 


OPTICAL METHODS FOR POLYMER-METAL INTERFACE WAVE MEASUREMENTS 


Non-contacClng optical probe techniques may be ueod to mlnltor 
interface wave charactorlsticH with n minimum of interaction with 
wave cLaorvabJeu. Tito probe beams indicated in Figure 2 are part 
of the differential Interferometric aystom ahnwn in Figure B. At 
^he right aide of that figure, dual laaer probe beama are iocused to 
small apota spaced half an acoustic waveJengtli aparr on the substrate 
aurXacc. Upon reflection the beams, now sllglitly out of phase due 
to the wave-induced differential path length difference, recombine 
to form a shifted optical interference pattern. This pattern is 
spatially filtered and the filter output Is optically detected. 
Assuming small SAW amplitudes, point focusing and correct point 
separation, titc instantaneous detected signal power is 

nP AmP.AL 


where P^ la tl>e total incident laser power, a is the sensitivity 
(ampero/watt optical power) of the optical detector, A is the optical 
wavelength, and AL is half the instantaneous path length difference. 

For a CW wave, AL " AL^ cos where AL^ is the peak wave amplitude 
and is the acoustic radian frequency. The resulting ac term in (B) 
then is proportional to AL^ and the normal component of particle motion 
at the location of the focused beams (16). Interface wave attenuation 
and velocity are determined by comparing optical measurcMUcnts of input 
and output waves. Optical system sensitivity allows the narrowband 
detection of 0.01 Angstrom Interface wave amplitudes [16]. 
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CONCLUSIONS 


This resenrch domonutraCeii the poConclAl of ualng Interface 
wave technlquaa for tha evaluation of polynwr-metal boundarlea, 
especially those In adhesively bonded atructuroa. It la recognized 
that surface conditions and the vlacoelastlc properties of the Inter- 
face region are the most critical factors In ultrasonlcally deter- 
mining the mecltanlcal boundary behavior. Moasorenmnts InLcrlace 
wave attenuation as a function of boundary surface roughness and 
velocity. as a function of polymer compression Indicate that the 
technique is sensitive to changes in both Intcrfaclal conditions and 
internal polymer layer properties. Remote nondestructive measurements 
of the curing of polymer adiicslves using this experimental method 
suggest its application in bond strength determination ir. high- 
strength adhesive systems. Further attention now should be directed 
toward assessing the effects of chemical surface contamination on 
interface wave propagation observables. 
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FIGURE TITLES 


Fieui'e 1. 
Figure 2. 

Figure 3. 

Figure 4. 
Figure 5. 
Figure 6. 
Figure 7. 

Figure 8. 


Multilayer boundary geometry. 

Generation and detection of 2.1 MHz ultrasonic inter- 
face waves along the polymer layer between aluminum 
and titanium aubst rates. 

Pitch-catch (a) and pulse-echo (b) interface wave 
scans of a 6.35 mm diameter hole in a metal-polymer- 
mctal boundary. 

Pitch-catch attenuation caused by a 6.35 nun diameter 
flat bottomed hole. 

Attenuation of CW interface waves versus average 
diameter of abrasive particle size. 

Geometry for compressive stress loading of polymer 
adhesive film. 

Ultrasonic interface wave velocity modulation due to 
dc stress applied to polymer layer between metal 
substrates (a) and hysteresis caused by stress 
cycling (b). 

Differential interferometric optical system for 
the detection of ultrasonic interface waves. 
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Abasracn 2. Thaory 


Tha propasaelon of ulcraaonic wavaa guidad 
along a vlacotlatclc layar which laparataa two dla» 
alallar tlaatlc aolid half>tpacwa la daacrlbad. 

Layar and half-apaeo wava poeor.tlal aoluclona to 
clia ganaral aight-by-alghc datonainant aquation ob- 
talnad by aatlafylng atraaa and dlaplacaaant bound- 
ary eonrlltlona at both layor-aubatrata Intarfacaa 
ara datarmlnad aa functlona of layar thlcknaaa and 
•ilaatlc oonatanta. For tha Halting caaaa of rigid 
and aot't bonding by a layar thin uonparad to acoua- 
tlc wavalangth, Stonalay and Indapandant Raylalgh 
wava charactoriatlc aquatlona, roapactlvaly , raault. 
For cumblnatlona of layar rigidity and wava-langth 
(hat corraapond to guldad wava propagation, axtar- 
nnl cyclic loading of tha layar produeaa machanlcal 
lyatarcala and a raaultlng dynamic chango In bond 
propartlaa. Cxparlmantal maaauremanta of the ob- 
aarvad velocity hyaterecla In an alualnum-polynar 
adhealve-alumlnum ayatem are daaerlbed and poten- 
tial appllcaclona in nondeatructlve bond character- 
ization are Indicated. 


1. Introduction 

Ultrasonic wavea which propagate along the In- 
terface between two materlala have been auggeatad 
as a potential cool In tha nondastrucclva evalua- 
tion of adhaalvaly bonded aollds and layared atruc- 
tural media. Unlike ultrasonic bulk wavaa used In 
locallzad crananlaalon or reflection bond Inapec • 
Lion techniques. Interface waves can propagate 
along the boundary and Integrate the effects of 
bond structure over a long pathlength prior to 
detection. As a function of propagation dlatanca, 
several Interface wava obaarvsbles may vary depend- 
ing upon Che thickness of the adhesive bond, the 
structural Intagrlty of the bond, and \ocal elastic 
Constanta of the bond and substrate materials. 
Specifically, Interface wave amplltuda may ba 
attenuated and a redistribution of wave energy Into 
components of particle motion normal and parallel 
to the boundary may occur. In this paper, Inter- 
face wave velocltlas are derived for several pairs 
of media substrates, particle dlaplacaments veraus 
depth Into each aubstrate arc shown for several 
media combinations and bond thicknesses, and quali- 
tative experimental results which Indicate a change 
In Interface wave velocity due to a change In bond 

ness and density ire presented. 


Elastic particle waves which have energy con- 
fined to the thin region on etcher side of a mate- 
rial boundary aay exist for a wide range of sub- 
strata pairs. Stonalay first considered unsctunu- 
acsd wavas of this cypa (1| and the literature 
which describes chose classical Stonalay waves 
and similar generalised sctenuaclng waves with 
complex speeds la extensive [2|. Recently, several 
authors hsvs decacced Interface wave eodus using 
ultrasonic and optical Imaging techniques [},f«,S|. 

Conaldar the ideal material bond gaumutry 
between the aubatratea shown In Figure 1. The dll- 


E 



Figure 1. Material boundary coordinate geometry. 

ataclonal and shear wave displacement potentials 
may be expressed here aa 

• exp(-kA^x * Iks - Ut). 

■ expf-kB^x + Iks - lujt), 

(U 


d, • exp(kA,x + Iks - lut), 
^2 ■ exp(kB,x + Iks - tut), 
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wltvra 


*1,! • ■ “ - '“'•l.l''''' 
•l,! • ■ 


( 2 ) 


c ■ u/k, 


and «. 2 and b. . ar« tha dllaracional and ahaar 
wava i^lada In^Mdla 1 and 2, ranpactlvaly. Froa 
(1), cha dlaplacaaanca In both aatarlala nay ba 

axpraaaad aa 


1,2 3l 3x 


(3) 


and cha dlaplacanant and atrtxx conclnulcy aqua- 
I Iona at cha boundary bacoaa 


(4) 


I3w. -)u, 

U, 

m ti 


] ( 3x 3* 

2 

[ 3x 3z 


\ 


3u. 


3x 


■’^1 

1 ^“l 

lu, 3Wj 

2u, • \ 



1 3s 2 

3x * 3z 

, 


2u 



Bv Hubxclcuclng (1) ami (J) Into (4) w« obcain 
C^(o^ - Oj)* - (o^M, t- + p,N^)) 


* P^(M^Nj - - 1) - 0. 


(5) 


Nj 2 ■ (1 - CVb^ 2*)'’. and 
P - (r^b^2 - p,b,2). 


Solutlona to (S) hava baan invaaclgacad 
by aavaral auchora (2|. Ipaad aolutlona tor cha 
nadta palra wa hava uaad for axpartnancat naaaura- 
nanea ara itvan in Tabla i whara, foUowlni Laa 
and Corbiy, apaada raehar chan propaiatton 
eonacanea ara axpraaaad in conplax natation for 
actanuatlng incarfaca wava nodaa (3). Pron chaaa 
apaada and (3) tha parciela diaplacanant profiUa 
on aichar aida of cha x»y piana in Figura i nay ba 
dartvad and thay diffar for naeariaia which aupport 
unactanuatad Stonaiay wavaa and laaky wavaa. Such 
a diffaranca in diapiacananta nomai to thn bound- 
ary la ahown for acaai/tlcaniun and ataal/cluni- 
nun apacinana in Figura 2. 

TABLE 1 


Macariaia 


InCarfaca Wava Soaad fn/xai;! 


Staal/Aiunlnun 
Staai/Tlcanlun 
A1 uninun/ T1 tan iun 
7740 Fyrax/Nlckal 
Fuaad Quarci/Nlckai 


3.148 X 103 . 
3.209 X 10$ 
3.254 X 10$ - 
2.974 X 10$ 
3.240 X 10$ 


J724 

J2.491 X 103 



c (wavalcngchu) 



Figura 2. Componancs of partlcla mucion normal 
Co (a) acaul/tlcanlum .ind (h) scoul/ 
alumlnuni boundnrlaa. Arblcracy units 
on vartlcal axis may ba normalized co 
any value of initial Incerfaco wave 
ampllcuda. 




3. H»a>uran«nci 


4. RtiuUi 


For practicsl Masurtiianti of lne«rf«c« wavai 
on bondad lotlda, th* abuv* th«ory My ba applia l 
to toUd/adhaalva/aoUd tyataaia whara tha adhaalva 
la conaldarad to ba a vtaeoalaaclo Mtarlai [6|. 

From (}), Intarnal layar and boundary propartioa 
m;»v ba chararcarliad by obaarvlng Intarfaca uava 
valoolty ahitta eauaad by changat In layar atruc- 
tura. Such changaa hava baan producad In aovaral 
waya and cha raaulclns thlfta monltorad. Flrat. 
both axcarnal dc and cyclad conpraaatva atraaa 
loada wara appUad to tha polynar adhaalva layar 
batwaan aatal aaaplaa auch that tha MKlmiai appllad 
toad wai alghty parcant of tha towar yiald atraaa 
of cha two iubacrataa. Aaaunlng that tha aurfacaa 
inUur compraaaton bahava .la randomlv arrangad notac* 
itar puwdara, tha layar danaltlaa imiv ba modalad by 


' pol>mar 


;(P/P„ 


(A) 


vharc o„ la cha danaicy In tha unacraaaad acata, P 
in cha appllad atraaa, P^ la cha yield atraaa, and 
1 la >1 conatant datarmlnad by Cha mncarlal. Tha 
honga in c with a ataclc load P Incraaaaa wava 
‘oloulcv through (S) aa ahotm In Ftgura } [}|. If 
chit loud la rapatltlvely oyclod from aaro to P to 
.■oro again, hyatcraala la obaerved. For a ramped 
toad c.Tle of 0.1 H: chu velocity hyataraala alao 
.howii In Figure '■ la obtained. The rata of decay 
if the acorad energy par cycle In thla reaction m.ty 
><•• directly related to material coflipreaelon (8| and 
sne.ir modulus modulation [S| In the layer. Finally, 
stmil.ir effucca due to croaal Inking hava baan ob- 
•oivod oy allowing a thin film of pulymur adhaalva 
oetwuon met.il aubecr.itua to cure while monitoring 
t'le velocitv of the tranamltced wavc|7|. 



lieu re dh.inge In Interface wave apeed produced 

bv 'velic loading of polymer adhesive 
between aluminum and titanium plates. 


Interface wava ipaado and p.irilcle Jtaplaca- 
mant proftlaa have been derived fur aover.it bomiud 
madia laomatrlaa. A alaipla nonllnmir modal of poly 
mar bond danalty qunllcaclvaly agruaa with obaerved 
hyataraala and changaa In guided wave apaad aa 
applied compreaalva atraaa la ■yitod. 
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AN ULTKAIONIC TNANSDUCF.R WITH GAUIItAN MOIAL VtlOClTV DtSTRtItl'fON 
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I. an4 Rt 0. CIaui 
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vtrilnla Polyttehnle Inotituct onR ttaeo Untvariicy 
llaekaburi, Virginia fiORl 


AbMcraec 

In matarUla avaiuacion anplicaclont 
tiquirlng cho intorrogauon of aoiiiflad! far 
titild pacctrni of an uitraionlc tranaducar, le 
;n Jaairabla co uaa a cranaductr which producai 
,1 haan wich j Gauaaian profilai A cranaducar 
v.uh a valowuy proflXa which la Cauaalan aa a 
unction of rniiiua and tndapandanc of angla la 
luacrlbod. Ilio cranaducar haa boon conatrueced 
hv JwpoNtclnK a circularly aynnuicrlc iMtalllc 
"ui 1 cl*a lac t rode array on a 19.1 ma diaiaatar x> 

.lit qucirts dUk. I^cli alaecroda la Indapandancly 
..'mmaccad co an Impodanca network optlnliad to 
produce tliu Cauaaian dtatrlbuclon with' laaa chan 
two percent moxlaum error. A coapui'ar aided 
oUccrode dealKn and callbratad thraa dlMnalonol 
iniorferomttcrlc optical and ulcrauonlc aaaaura- 
<nunck of the Ur field dlatrlbutlon are praeanted. 


1. Introduction 

The alnpUflad theoretical an.alyala of 
itivaral bulk ultraaonlc phenomena require the 
i.oi)iild«ration of bounded uUr.iaonlc ba.iMa having 
vulocicy dUcribuclona which are Cauaaian at a 
function of radlua (1). Additionally, tinea the 
huom profllcN In the near and f.ir field reglona 
ira related by a Fourier cranafona operation, 
Miiiatlan profile haama are particularly uaaful in 
otpcrlmontal aituatlona In which a aiellnrlty 
beiueon near and far field paeterna la dealred, 

A standard aurface contact tranaducar, however, 
cvplcully Ktnaratea a field which la nearly uni- 
form In the region of contact and nagliglble 
ttlsMwhera. The raaultlng far field pattern thua 
contoina tlRnificant eldelobe maxlaui which nay be 
difficult to dlating' lah from the central baae in 
csperlmenct Involving bean tranalatlon and attenu- 
ation, or raiiltlple beana produced by bean 
AcaccerinR. 

Several cranaducar dealgne employing tingle 
elect rodca of varloue ahopaa have been deaigned 
CO provide a field which, when averaged around the 
radii la a Sauaalan function of radlua (2-4], 

Theac electrode patterna, howavar. Introduce a 
distribution chat la a function of .angular dla- 
placnmenc on cha face of tha cranaducar and not 
purely 1 function of radlua. Broatoale haa 


daaerlbod a machod for generating a valuclcy 
dlacribucion vh»ch la Caueatan In ona dlmenaion 
utiliilng nulclpta linear eleccrodat |}| 

Thii report deecrlbaa cha detlgn and con- 
•cructlon of a circular x-cut quarta cranaducar 
with eulclple, opclnally plactd, concancric ring 
tlaetrodea which product a Cauaaian radial tin riu 
flald and eharaby Imiuea a tlmliar velocity 
dlterlbuti.n. 

2. Claccroda Oealgn 

An aloccrlc flald dlatrlbutlon which le 
txclualvaly a function of radlua may bo produced 
by a tec of coi.cancrlc annular aloctrodaa. If ttia 
cireumferanct of tha rlngt la large with raapecc to 
th# apaelng beewaan aucaaalvt alactr.idea, the 
electric field in the gepa nay be conrtldered co be 
a linear function of radlua. From thla model, .i 
plaeawlae linear function which approxlmacet .i 
Cauaaian may chan ba ganeratad on the face of the 
plaioolaccrtc crytt.il by pt.ictng ’■'lo proper volt- 
ogee on the eleccrodea. The degree ru which this 
function flea cha daalrtd Cauaaian la daearmlned 
by cha width of aach alactroda ring, cue number of 
alteerodta, and the dlatrlbutlon of tho alactroda 
radii on the r.idlua of the tranaducer cryttal. 

Since the daalred Cauaaian voteaqo function attains 
a particular valua at only one mathomntlcal point, 
Che electrode width ahot.ld tend -o tero. Tha 
photo-etching ceehnlquea uaed In oor tranaducar 
conterueelon, howuvor, require a minimum aleucrooe 
width of approxlm.itely O.S mm. The dup<-ca of fit 
CO the daalred Cauaaian ihape m;iy alto bu improved 
by ualng a largo number of electrodes, but thla 
raqulraa that the Incaraleccrude spacing be small, 
thereby Incraaalng tha poaaiblUey of ulacerlcal 
breakdown batwaan adjacent rings when uigh volcagut; 
are applied, It waa found, however, that with aa 
few aa S tlaetrodea cha mean absoluco fit error 
may be reduced co laaa chon l.S percent of the paay. 
Since cha radii of th* rings .»ru tha varlnblaa over 
which cha greaceat control tsoy be exerclicd during 
dealgn, an Iterative computer routine to mlnlmlte 
abaoluct error by optimltlng electrode placement 
waa used, Opclmltatlon program output is shown In 
Figure 1. 
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; l«urtf 1 - Computer Fit OpcimiraUon 

3. Trantducer Conecrucc Ion 

The deelgned electrode pattern wee photo- 
.hed Into a layer of chromium/ go Id on a 2.23 MHi 
ii'ciilar .s-cut quartz transducer. The capacitance 
■ t'-een the electrodea and the wear plate ground 
, Ijiie wae calculated and later empirically verl- 
u’U to he life than 2 picofarads, giving rise to 
iu.;ligable reactive impedance at the 2.25 MHz 
peratiMS frequency. Since this Is low, a simple 
.'I'rtisclve network may be used to fix the desired 
• 1.1 of electrode voltages. 

Figure 2a shows the construction details of 
till* iciual transducer. Leads were attached to 
r 'lo ulcctrudee using a '•onauctive adhesive and a 
of epoxy was applied to the electrode side 
I! the crystal to provide mechanical support for 
' lu! leads and to accenuate and disperss rssonant 
•urface wave modes. Further damping Is accom- 
'..•hud by 0 thin semi-vlscous Inyor of elsctrl- 
illv conductive adhesive pl.rced on the opposite 
ii'coJtod side of the transducer disk and under a 
’.iiii .iluinlnum foil electrode/wear plate as shown 
iguru 2b. The electrode leads were connected 
■ i LiU' resistive network and coaxial cable and the 
i 1 r. tr.insJucer assembly was pl.icod In a 1.3 cm 
;;Mer dl.imeter cylindrical PVC c.iso and potted in 
, 1 lor-1 jaded epoxy. 





'LCICEO 



Figure 2 - Transducer Construct f het .ll.-. 


1. Transducer Performa'i ',e 

The beam profile of the prototype transducer 
.11 meosured using both ultrasonic and acousto- 
'' 11 C..I lechnlques. First, quantitative measure- 
-ii'.cs were made by scanning the field dittrlbutlon 
;c',.cr.iceJ In a water tank using an sperture- 
; M'l'cd H.ulsonlcs C 020i piezoelectric detecting 
• r U'.sdiicor. The 6.35 mm diameter of the trans- 
!u. .. r w. 1.1 effectively reduced by placing an apot- 
uire mask in ‘‘.•one of It. The mask wae eonseructai 
.,cli .1 diameter of 2 millimeters using metal foil 
■ led with 2-3 mm of soft wax. .Measurements were 
lid. in the t.inh with the receiver 4, 20, and 40 cm 
i; m the prototype. The data from theaa meaaura- 
•viits Is shown In Figure 3. 


Second, the beam profile w.i.-, •c.inned by tr.uis- 
latlng the sample arm of a Mlchelson interferometer 
with respect to the transducer f.irc ind measuring 
the Integrated Index of refract Ion m.^duiation 
produced by the beam. Slncf... for .null modulation 
indicaa, Index, density, and pre.ssure are pro- 
portional, tile d.it .1 shown iti ftipin.' ^ ludlc.iteH 
the pressura profile of the transducer lb,.'), 

5. Conclusion 

An ultrasonic transducer which generates a 
Gaussian radl.il velocity distribution has been 
designed, constructed, and tested. Although beam 
divergence occurs, the far field distribution 
retains Ita Gaussian shape .ind side lobe maxima 
are not detectable. 
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Figure 4 - Acouecoopclcal Suan Deca 
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APPENDIX D 


Interferometric Optical Methods for 
the Characterization of Wideband Surface 
Particle Displacements 
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R. 0. Claus and J. H. Cantrell, "Rayleigh Wave Detection by Wideband 
Differential Interferometry," Acoust. Soc, Am. Annual Meeting (Loe 
Angeles, CA) , Nov. 1980; J. Acouat . Soc . ^. , jM, S108 (1980). 


Broadband opcicai Interferomoter for monitoring Rayleigh waves. 

Richard 0. Claus (Department of Electrical Englneerlngt Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061) and John II. Cantrell, Jr. 

t 

» 

(NASA Langley Research Center, Hampton, VA 23665) 

A wideband differential interferometer has been developed to detect 
ultrasonic surface wave pulses. The interferometer combines the advantages 
of wideband Michelson techniques with those of similar narrowband differential 
methods used to measure CW ultrasonic waves [c. H. Palmer, J. Acoust. Soc. Am. 
53 , 948 (1973); D. P. Jablonowski, Appl. Opt. jJ, 2064 (1978)]. In our system, 
two coherent light beams are focused on the surface supporting the pulsed 
vmves. The reflected beams are combined intcrferometclcally , filtered, and 
detected using a broadband optical receiver. Receiver output is proportional 
to the difference between the normal components of surface particle displace- 
ment at the location of the two beams. If an acoustic pulse arrives at one 
beam focus at time t^ and at the other at t 2 * tj^ + At, output signal bandwidth 
during At is litnited only by detector response. For t > t^, bandwidth is 
determined by the differential acoustic sensitivity which may be adjusted by 
altering beam separation. Sensitivity calibration for a nominal 1 MHz band- 
width and measurements of pulses on a 0.3 cm thick 7070 pyrex plate are 
presented. 

Technical Conunittee: Physical Acoustics 

PACS number: 43.35.Pt 

Telephone number: (804) 827-3418 (R. 0. Claus) 

Acoust. Soc. Am. National Meeting, Los Angiles, CA, November 1980. 
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Aba trace 

The detection of acouatlc aurfaca wave pulaea by a 
wideband differential Intarfcrnmccrlc laaer tech- 
nique which la Inaenaitlve to low frequency noiae 
la deacrlbed, Syatem boiulwlilth is detorniinod by 
the relutionahlp betwo'en acoimiic wavelength and 
the variable apacing between two laaer probe bcama 
fucuacd on the eolld aurfacii wlilch aupporta tho 
w.ivca. Theoretical acnaltlvity to aurfnee dla- 
pluccmont amplitude la equal tu, or hotter thaoi 
that of other elect jptlcal techniquea. Reaponae 
to an Ideal atep function d lapliicement ia analyzed 
and uKpcrimcntal meoaurementa of gated 2.S MHz 
pulaea generated on an aluminized pyrea plate are 
dlaciiaaed. Potential applliaiion in Ihe chnrncter- 
iziition of acouatlc omlaaion in composltua ia 
deacrlbed , 


Introduction 

Interferometric optical techniquea offer eacellcnt 
senaitivlty for. the meuaurement of ultrnaonlc 
Hurface wuvea. Several modifications of the 
Mlchelaon Interferometer with independent aamplc 
and reference arma have been uacd for acouatlc 
wave detection although the Inherent pnthlength 
acnaltlvity to ambient low frequency acouatical 
noise makcH the Nichclaon design unaultable In 
many nppllcailona (1,2|. Such low frequency 
acouatical vlbratlona may produce large changes In 
the optical pathlength of one arm reaulting In 
large shifts in the output fringe pattern. The 
large shifts mask small amplitude lilgh frequency 
signals while slowly changing the operating point 
and gain of the interferometer. For those appil- 
c.itlons In which the ocoustlc.il aignolt and 
a'-uusilcnl noiae exist In auparntc frequency bands, 
vioratlon effects may bu minimized by controlling 
the length of the rtforence arm with a feedback 
aignal derived from the detector output [3.4]. 
However, nonlinear stability criteria limit the 
ef fectivcncaa of such feedback syacems. 

by folding Che arms of the Mlchelaon Interferometer 
HO both aamplc anu reference beams are parallel and 
reflect off the same surface, inaenaltlvlty to 
vibrations la greatly Improved baeausa Induced low 
frequency changes in the optical path lengths of 
both beams arc made nearly the same. Narrowband 
CW ultrasonic waves have been detected using such 
differential interfere- etrlc syatema (5,6). In 
this paper, the application of a similar technique 


to the detection of wideband acouatlc , Hurface wave 
pulaea la reported. 

Rxperlme iil 

Thu bnalc optical ayiitem In Hhuwn In FI)',. I. I.iglu 
from a 2 mW lloNo lanur la divided into two p.ir.illel 
and slightly Hepar.ited collim.iled be.iiiiH of uqu.il 
Intensity by a f Ixud heamapl Itter . Thu be.un.>i are 
partially transmitted hy a Nei-oii'l beam-, pi 1 1 ter mid 
focused to points Hoparatud hy .i illHtanee d on the 
surface of tho apecimun. Upon rel liu-i hui ihe Iumiiih 
arc partially re flee ted hy the Kecond hunnmpl 1 1 tei' 
and auperimpnacd to form a Htrulghi line Inter- 
ference pattern. This pattern Ik filtered uHlng a 
stationary Konchl ruling having the name Hp.ii iai 
periodicity an tho Inlet (c•rem'l• patlein. The tt aiiu- 
mltted IlglU Ik fociiHud on .i wideb.ind opilral 
detector. Although hall o| the .iv.iilable li/ht la 
lost by thu Hccond bi-amupl liter, iIiIk anaogcciieiu 
mlnlmlzen errors due to nkewed reflectioiu. at the 
surface. 

The Interferometer In MeuHltlve to d 1 1 fi'ieni l.i I 
changes In tho optical pat hlenp.tlm of the two Inaras 
which cause relative imuioiiK ol the ouipoi iilnge 
pattern with renpoct to the fixed lipatl.il filter, 

To maximize Honslllvlly II 1 h ne^ e.uHary to move the 
filter i'l periods from perleel .illgomeni |fi|, 
Rcnnltlvlty to Initial filter position may be 
eliffllnated UHliig a rotating I I ller-beani'ipl itter. 

Results 

Assume now that the <1 1 1 ! ei ent i.il palhleogih i hangeii 
arc caused hy an ul trammir w.ivi- propagat I in. in the 
z direction on tiu' spec linen Hiirfai e, AKSumlng no 
variation in x, we ra.iy express the normal rompimenl 
of particle displacement at the suil.ue as 

W(t) ■ 2A sin (si t - Kz), (1) 

il 

where A Is the peak (llsplaeeinenl I rom equilibrium, 

(ii, the acoustic radian frequency, and K the acmis- 
tlc propagation constant. System response to this 
wave la maximized If (1) one focus point lotncides 
with s local aurfnee displacement minimum when the 
other coliHldes with a maximum, ami (2> J || z. 

Thus, the required separation butwuen the focus 
points, d ( » fd I ) , is 

d - (2n I)A/2, (2) 


IEEE Region 3 Conf. (Huntsville, AL) , 
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whtire n • (0, li . .1 t}»d A ■ 2*/K !■ th« 
uciuiMtU' waveli'nntli. For u iinJ A I’onHianti the 
HyNti'M reenoneu itiuTeiiHCH from thlH Wiixlmui* K 
I'iihi'r A or the dtm i Imi o( K ch.iui(t<> Koeiumeo 
.IN <1 fuMi'Hon of A M‘iy he I'lil'.'ulaied for different 
vntui'N of n in Fi|. (2) and In Hluiwn in FIk. 2 fur 
n " U.|fi| l■lotU'd uK|H'rlHH>ninl data wan neuNured 
for a iirobc beam H|inclng of 0.5 nun, a|i|>ruxliiately 
one half the wavelunHih of Keted 2.5 Hlli putHee 
generated on nn ntiimlnlacd |«yrux plate. Varlatloiie 
in NonHltlvity an a fuiu'ilon of K allow the direct- 
ion of tirupugal ion of CW w.ivea or repetitive puleod 
HlgnalH of known fruiiuency (o be deternlned by 
rotating d for maximum output eignnl. Tlieoretlcal 
and mvnHured Nunaitlvity verauN the angle 6 
hotwiHMi and J lx plotted for n ■ 0 In Fig. J. 
Ylieorei leal rcHponHo data in both Fig. 2 and Fig. 3 
worn r.iloulated aHHumIng iliat tlie foouNud optical 
beam walxt In anuill oomparod to the ecouatlc wave- 
length. A duiei-iod 2.5 HMr, gated pulec aignal le 
Hhuwn in Fig. A. 
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Fig. 4, Optically detected 2.5 Mile gated pulse 
signal. 



Fig. 2. Theoretical and experimental system 
sensitivity to acoustic wavelength. 



Fig. 3. Theoretical and experimental system 
sensitivity to the angle between the acoustic 
propagation vector and the vector distance between 
the two Interferometric probe points. 
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DF.TCCTOR 



Fig. 1. UaHlc optical ayacem for dual beam wldobatid opth^ai tiitorffroniftcr . 
Soparacloii distance between the probe points on iho sainplu stirfaro determines 
the acoustic bandwidth of the detection system, Additlonnl Imiulwldlh I'lirruc; t inn 
may be Introduced electronically after the optical signal is dismuliil.iied, This 
system offers sensitivity similar to other Intcrfrromctrir m-oiislic detei-linn 
technl^ues witilc providing the .low frequency p.>thlength Insonsli ivlty not 
present In conventional Mlchelson syatem designs. 
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Calibrntnd meaHuremenCM of ucousCii'. surface wuvQ piiiscu by u 
wide bnnJwidcIi dirferenCinl incorferomeCric optical ccchnic|ue 
are deecribed. Ky incerrogacing Chu InCcrfcrenca pattorn formed 
by supurimpoHlng two opLicul bourns reflected from the surface 
uc slightly Boparutod points, an output signal proportional to 
instantaneous surface purtlclo displacement is obtained. System 
bandwidth Is determined by ilie relationship betwuen tlu> a<'.uustl(‘. 
wavelength and the soputaUon and size of thu laser probe spots 
on the surface. In this paper, response to ideal propagating 
step function displacements is analyzed and measurements of 
gated pulses are described. Potential applications in the 
detection of acoustic emission are suggested. 


INTRODUCTION 

Acoustoupclcal techniques offer excellent sensitivity for the detection of ultra- 
sonic waves. Interferometric systems in particular allow the simple localized tnea- 
surement of the normal component of motion of a surface wave by using Che surface 
that supports the wave as the reflecting surface in the sample arm of an optical 
interferometer. Such systems, however, are inherently wideband, for although thu 
electronic bandwidth of the detection electronics may be limited to the ultrasonic 
range, low frequency specimen tr.mslutionB modulate the position of the operating 
point and thus the gain of the interferometer. In many practical systems the 
amplitudes of low frequency specimen motions produced by mechanical vibrational 
noise are larger than the. peak surface wave amplitudes to be detected and chonges 
in the operating point position do not permit continuous system calibration. 

Several meLhodn may be used to obtain proper calibration. First, the low frequency 
surface motion component may be detected separately and electronically fcdback in a 
simple control loop to a fast tcunsducci* which changes the optical phase in the 
reference arm of the Interferemutor [1]. This effectively cancels the low frequency 
effect at the output but may generate harmonics in thu output slgivil and does not 
allow unconditional stability [2]. Wideband differential interferometry is an 
alternative calibration technique and will be described below. 


WIDEBAND DIFFERENTIAL INTERFEROMETRY 

Hy aligning the two arms of a Mlchelson interferometer parallel so both s.ample and 
reference beams reflect off the same surface, sensitivity to low frequency waves is 
low because the low frequency changes in the difference in optical path length 
between the two beams are small. Measurements of CW surface, interface, and bulk 
waves obtained using this differencial interferometric principle have been reported 
by several authors {3-5). 

Ultrasonics International 81 (Brighton, UK), June, 1981 
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(u) Wltlaband diff«r«ntiaJl Intirferow trie ■vitoiii 

The basic optical ■yetom is ahown in Figure 1. Collimated coherent light from the 
luecr at left le divided into two beerae of approximately the same luteneity end 
angled allghlly with ruupuct to each other. Thu two beams arc focuaod to two pointa 
aeparated hy o dlatanco AX on the aurface aa shown in I'igiirc 2. Light ruflocted 
hum tliu aurface at tliuae pulnts ia dovlnted hy a besmaplittor and suporimposed to 
lurrn atralght lino inLorrerciico fringoa. Tho fringes .iro HpiitiaMy filtorod using 
I binary transmisaion grating (Rnndil ruling) having a periodicity equal to that of 
the fringe Npaclng. I.lglu iranHiiiltted hy Lliu grating la optically dutoca'd to pro- 
iliicu on c'h.'ct roiilt: iiigiMl with an InHlantaneunn amplitmle proportlunnl to that of 
lliu nurr>a:i! wave on the apuclnien. 

^I>) lju ior/ 


AsHuine that the nurface 0 inpl aceniunt canned hy an aconntiu wave may lx> exprunneJ an 

A(x, t) - nln (h^^t - Kx) , (1) 

wlicrc A(, la the peak dinpi accinent iimplluidu. in the neountiu rtidian rrer|nnney, 
and K cho auouHtic propagaiion constant. .Syntum luspunno to titis signal la.maxi- 
mlxod if 

Ax|lx, (2) 

(„h page is 

"*F POOR QUAJLfTY 

Ax - (2n + 1) A/2, O) 


I where n is a aon*-tu>g.a Lve intuger and A ■ 2ii/K ia the ucuiintlc wavelength. Fur Ax 
aiul A constant , the system sensitivity changes if either A or the direction of 
K v.iry; these effectn have been calculated and measured (Oj. AUIu)ugh maximum sen- 
nit ivliy In obtained If (2) aiul (3) are satisfied, /luonntlc wavea may still be de- 
ici'ted with lower sensitivity It they are not. From (1), a Jdll acoustic bandwidth 
unponne to Ax is oht. lined f>>r a two decade variation in A|2,'/]. 

1 

^ L\'J. I’ol si’d icou nt Ic w.ive resp onse 


Kesponse to an acoustic wave pulse differs from that obtained for a CW signal. If 
(2) is satisfied, a propagating step dlaplacement arrives at one optical focas point 
before the other. During tho time t ■ Ax/v, where v is the wave velocity, Inter- 
ferometric system sensitivity is unlimited in frequency he«’aosc the position of only 
one beam la acoustically nH)dMlated. Tn this caso^ low fm- vlhratl«»ns m.iy st ill 

tie neglected, however, due to the differential iiropjirty o .he yntem. Typiial 
IHiised wave response is shown in Figure 3. 

(d) Dual differential Interferometry 


i If two pairs of optical beams such us those shown in r .;urc I are focused on the 
I surface and oriented so one pair is parallel to x as in Figure ? and one pair is 
parallel to y, both x and y components of the wave may be determined (8]. Frequency 
I response in this case is again wideband with low frequency isolation. By recording 
i both x and y channels of directional wave information r J combining them olgcbra- 
Icully, wave amplitude and direction of propagation may be determined and the com- 
plete time evolution of ultrasonic frequency dl Aiacements In the A/2^2 x A/2/2 area 
cont.'iining the four focus points may be caiculntt J [9]. A complete analysis of 
generalized dual differential system response and the measurement of broadband 
ultrasonic waves generated by pulsed transducers nnd acoustic emission evunts is in 
I preparatTO!A> 


CONCLUSION 


Wideband dlf feruiiLl.ii liiterl’i»roniccry may ho usod Lo make cailbratod meiiHurcmonCa of 
wideband CW and pulNOd surface acuusrlc wave ampllCiiUoN wtiUc avoiding low frequency 
specimen translucinna. UncumpunHaced acoustic bandwldtliH of two frequency decades 
have been obtained. Ily superimposing two differential optical, beam patterns orient- 
ed in orthogonal directions on the specimen surface, the locailsod time evolution 
of ultrasonic wave amplitude and direction may he determined. 


ACKNOWLEDGEMENTS 

This work has been partially supported by National Science Foundation Grant ECS-79- 
25340 and NASA Grant NAG-1-68. The authors wish to thank T. M. Turner, C. li. Palmer, 
and R. A. Kline for their helpful discusalons. 


REFERENCES 

1. Kline, R. A., Green, R. E. and Palmer, C. II. "A comparison of optically and 
piezoelectrlcally aeneed acoustic emission signals". J. Acouat. Soc. Am.. 

Vol. 64 (1978), pp. 1633-1639. 

2. Claus, R. 0. and Cantrell, J. 11. "Rayleigh wave detection by wideband 
differential Interferometry". J, Acoust. Soc. Am. , Vol. 68 (1980), p, .S108. 

3. Jablonow.4ki, D. 1’. "Simple Inturferometer for monitoring K.iytuigh waves," 

Appl. Op t.. Vol. 17 (1978), pp. 2064-2070, 

4. Siegcman, G. I. "Optical probing of surlace wave.s and Hurf.icf wave device!)." 
fEfSE Tran s. So u le s Ult rns o n . , VoJ . Stl-23 (1976), pp. 33-6'<. 

3. Palmer, C. II., Cliiuii, K. 0. and Pick, S. E. "UlLr/isonic wave nieasuremeDt by 
dlf ferentliil inLerferomeLry." Appl . Opt. . Vol. 16 (1977), pp. 1849-18.56, 

6. Claus, K. U. .mil Ciintrell, J. H. "Optical probing of pulsed acoustic surface 
waves using wldoh.md differential interferometry," in press. 

7. Eerwekh, P. S. and Claus, R. 0. "Optical detection of pulsed surface particle 
displacements." Proc. 1981 IEEE Region 3 Conf. (Huntsville, AL) . 

8. Turner, T. M. and Claus, R. 0., "Dual differential interferometer for measure- 
ments of broadband surface acoustic waves," submitted to 1981 IEEE Ultrason. 
Symp. (Chicago, XL). 

9. Turner, T. M. M.S. thesis, Virginia Polytechnic Institute and State University, 
1981. 


CK.GIWAL PAGE IS 
OF POOR QUALITY 


- 84 - 


c 


DETECTOR 



^mrn rn ' m m SPATiAL 
FILTER 



8 - !• 


Basic wideband differential interferometer 
la binary trnmnnlaalon grating with equal 


optical eyetoin. Spatial tilu r 
tranapnvcnt and opaquo regions. 


beam I BEAM 2 






T. M. Turner and 0. ClauB, "Dual Differential 
eaBurementa of Broadband Surface Acouatlc Waves. 
Ultrasonlca Symposium (Chicago, IL), Oct. 1981. 


Interferometer for 
" Proc. 1981 lEKK 


- 86 - 


N82-11133 


DUAL DirrCMHTXAL XNmmoHnM roft 
(UASUMKENTI OF IROADIAMD lUHrACI AOWITIC UAVU 

nsoN M. Tunm tMi rxckah) o. claui 


OaMrcMAC of llaetrteaX lagtaMirlni 
Virginia Polycaehnle Xnaelcuea A icata UnlvaraUy 
llaekaburg, VA 2AMX 

Abatract 


A alaipla dual Intarfaronacar which uaaa two 
pairs of orthogonally polarlzad optical baau to 
■aaaur' both tha aaplltuda and dlraetlon of propa> 
aat>‘- 'li broadband ultrasonic lurfaea wavaa la 
(iascrlbad. Each pair of focused laser probe baaas , 
la used In a aaparata wideband dlffarantlal Intar- 
faronatar to Indapandantly dstact the cooponant of 
aurfaca wava notion along ona direction on the sur- 
(aca. ly coablnlng tha two output algnals corra- 
apondlng to both cooponenta, tha two’-dloanslonal 
aurfaca profile and Its variation a function of 
tins nay ba datamlnad. Although tha systan has 
an optically adjustable -3dB acoustic bandwidth of 
inora than two dacadae (ag. 30kHt to 3MHt for 
ocouacic aniaaion naaaurananca) and can datact peak 
dUplacananta In tha sub-Angatron range. It is 
Inatnsieiva to low frequency apaclnan trsnaiatlona. 
Potential applications In nondastructiva evaluation 
ara described. 


1. Introduction 

Ths davalopnant of robust nsthods for tha 
detaction and analysis of surface acoustic waves 
(SAW) is of continuing Inportanca due to incraasad 
Interest in SAW applications in nondestructive 
evaluation, materials evaluation, and signal pro- 
t-eesing devices. A wide variety of practical SAW 
sensina end an.ilysia techniques exist including a 
number of optical methods which employ diffarant 
cvpes of optical surface imaging. One such method 
ie the differential interferometric system intro- 
duced by Palmer for measurements of SAW on solids 
HI and later adapted to the detection of dilata- 
ciunal and shear waves in solids [2] and interface 
waves at the boundaries between transparent madia 
i3|. Thia paper dascrlbas ths extension of this 
type of scoustooptic sensing systsm to allow the 
Simultaneous detection of multidirectional SAW 
amplitude components as wall as tha orientation of 
propagation. 

The dlfferantisl interfaromster exhibits 
several characteristics which are useful for SAW 
rauasurements. First, the output atgnal is pro- 
portional to the SAW amplitude, phase Information 
may be deteminad and the system can ba easily 
calibrated (2). Second, absolute systam sensitivi- 
tv is greater than or equal to other optical or 
mechanical tachnlquas. The acoustic bandwidth nay 
be varied to allow salactivity in SAW detection 
HI. Finally, ths intarfarometer is tolerant of 
optical misalignment, sunlace irregularities, and 


low fraquaney apaelman tranalacions of the type 
assoctacad with room vibrations or mschanical 
apaelman loading. Tha unique combination of those 
propartias insuras raliabla, raproducibla SAW maa- 
suromants even in advaraa tasting anvironmants. 

2. Specimen Surfaca Profilo 

The two baam ayston doaa have limitations. 

The modulation of tha two focused spots is ds- 
pandant not only on SAW omplitudo but also on tha 
angular oriancation of SAW propagation with ra- 
spact to a chord passing through tha spots. The 
dstactad SAW ampUtuds ia thus the amplitude 
conponant of surface wave notion along the direc- 
tion parallal to this chord as shown in Figure 1. 
This component is givan by A^, ■ AgCosO where Aq, is 
tha modulating amplitude and A, is the SAW ampll- 
tuds. Accordingly, dstactad signals corrsspondtng 
to SAWs of unequal amplitude .ind different angu- 
lar oriantations appear Identical at the output of 
tha two-beam inter faronatar. In fact, a SAW pro- 
pagating at a 90* incidence to the raforanca chord 
would ideally generate no output signal. 



Figura 1. Angular Sensitivity of a Differential 
Intsrfaroaetar 
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Ts ovtreoM th«aa Ualeaelona. two afproaehaa 
ean ba apcaapcad. Ona la ee raeaca tha apaalauia 
for BaalBUB alinal a»4ulaciont for raMaaly lan* 
araca4 pulaarl lAUa, hewavar, rotation la an la- 
practleal aolutlon. Tha othar approaoh la to In- 
corporaca a aaeond 41((arantlal Intarforoaatar to 
dacaet tha orthoponal aotlon eoaponant of a SAW 
propaiaclng at an arbitrary angia with raapaet to 
tha dlraetlon of aaalaua aanaltlvlty of tha flrat 
intarfaromatar. Tha raauitlnp two alauitanaoua 
outputa any than ba corralatad to datamlna tha 
SAW aaplltuWa and angia of propagation with raapaet 
to a aurfaea rafaranea. ly poaltlonlng tha Intar- 
(aronatara In tha eroaahalr configuration ahown In 
f^lgura 2, tha ralatlonahlp batwaan tha trua aapll- 
tuda and that eoaponant rofarancad to tha taro 
ungla la a coalna function. This la A| ■ Agcoat 
whara A^ la tha nodulatlon aaplltuda of tha i 
intarfaroaatar (ocua polnta. Tha aaplltuda of tha 
orthogonal eoaponant la rolatad by A/^ - |Agaln0| 
uhara A. la tha aaplltuda eoaponant parallal to 
tha A Intarfaroaatar. SAW aaplltuda aa wall aa 
.inguiar orlantatlon of propagation can thua ba 
imiqualy dataralnad. Unequal placaaant from tha 
centar point dlatlngulahaa ona 4S* plana froa tha 
othar. Surfaea proflla Infomatlon aa concaptu- 
olliad, howavar. doaa not Indleata tha dlraet.on of 
propagation of a noaaurad SAW. Tha doeanlnaclon 
of thla propagation dlracclon can bo aado by atthar 
oddlng a third intarfaroaatar diaplacad allghtly 
from the pravloua two or by akawing tha two palra 
of beaa apota to obtain a third varlabla. Thla 
liittar aathod, howavar. la not uaaful If SAW ara 
normally Ineldant to tha orlantatlon of althar 
focua pair. 



''iKura 2. Dual Intarfaroaatar Focua Point 
Oaoaatry 

3. Dual Intarfurofflotar Dlacrlptlon 

Tha aaparatlon of four baama Into two non- 
intaractlng palra la accoapllahad by orthogonally 
polorlxlng tha palra aa ahown In Flguro 3. Slnea 
orthogonal polarlaatlona can ba aaparatad by optl> 
cal flltarlng, both palra ara trananlttad through 
common optica and latar aaparatad for non-lntar- 
.ictlva meaauremanc. A polarli-lng baamapllttar 


loeatad b«foro tha dotectora la uaad hare to 
aaparata tha polarltaeiona. 



Flgura 3. Optical ayatan for Dual Oual-Olf faran- 
tial Incarforoaatar 

The dual two-baaa Intarfaromatar ayatam flrat 
ganarataa two palra of parallal baaaia uach having 
a forty-fiva dagraa polarliatlon angia with raapaet 
to the horlEontal aa ahown In Figure 4. Tha polar- 
ization angia of the Incident light la obtali ad by 
rotating a linearly polarized HeNe laaor appropri- 
ately. Aa ahown. the two palra of baama ara apllt 
at right angina to each other and a dove prlam 
Mountad at a forty-flva dagraa angle to tha hori- 
zontal la Inaartad In one baam to rotate one pair 
ao that Ita axla la oriented normally with raapaet 
to that of the othar. Doth palra ara chan aligned 
and poalcionad by a polarizing baamapllccar . Thla 
allgrwanC alao raHulca In tha beama being pnlur- 
Itad by palra and of equal Incanaley. The baama 
propagate to the apaclmen aurf.ica through another 
baamapllttar orlantacad aa the refiactad, modulated 
baama are rafleeted toward the dotactors. A aecond 
polarizing baamapllccar aeparatea the roflecced 
palra and each pair la Individually spatially fll- 
carad and dacaccad. 

goth Intarfaromatar baam pairs may be expand- 
ed and refocused onto Che surface by i v/irlabie 
focus lana ayatam. With this ayatam, the separa- 
tion of tha focused spots can ba varied. Bean spot 
separation la more easily manipulated, howavar, by 
separating pairs appropriately at the point of 
generation sc the front of the system and Is accom- 
plished by a translation of the mirror pair .idja- 
canc to tha pair of beamaplltcars. 

4. Syacon Limitations 

Although tha dual two-baan differencial In- 
Carfarometer does not have any disadvantages In 
comparison to the single Incerfarometer. soma 
of the single Interferometer limitations remain. 
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Bxptir taint 


Two such Ualtitloni itt thi irrori •iioelind with 
thi dittetlon ot itinali froa SAW idM iffict ri- 
Klona and hi*h (ra^uincy attanuatlon. Aa ahown tn 
Flgura A, SAW ad|a affact'i can craata an aapUtuda 
dllfarantUl ovar a dlatanca paraUal to tha wava- 
front cauatni arronaoua algnal ganaration. Thta 
would ba particularly avldant whan tha SAW wave- 
front la parallel Ineldant to a apot pair aa ahown. 
High fraquancy SAW attenuation la alnilar In Ita 
offacta. Over a abort dlatanca tha aaiplttuda 
variation due to attenuation cauaaa loaa of algncl 
modulation and tharafora arronaoua anplltuda coai- 
poiiant computatlona aa ahown In Figure 5. 


Haa I MM> I 



5. 

Conflrnatlon of tha angular ralatlonahlpa In 
aapUtuda for tha dual dlffarantlal Intarfaronatar 
waa aada by rotating a pulaad 2.23 MHa wadga crana- 
ductr around th# focus spot psirua Ths Ints^ftro- 
aatrlc algnal w.ia datactad by a broadband optical 
datactor and tha raaultlng rf output signal fll- 
tarad by a 2.2S HHi bandpaaa flltar. Thu racalvad 
algnal waa calibrated for datactad SAW aaipUtuda 
following tha procedure outlined by Palmar, Cl-ua 
and Pick (2). By combining data from both output 
algnal ehannala. a calibrated avaraga of point 
dlaplacamanta ovar tha apot patturn may ba ob- 
tained. Typical alngla-polarliatlon wave amplltudu 
ayatam output data la ahown In Flgura o> A uom- 
plata daacrlptlon of ayatam parformanca la In 
preparation. 

<>, Cone lua ton 

An Improvamant of tha SAW dlffaranilal Intar- 
faromacrlc technique haa bean davalopad. Tha du.rl 
dual-dlffarantlal Intarfaromatar haa all the ad- 
vantagaa of tha differential intarfaromatar but la 
not dapandent on tha Incldanr angle of SAW. Tha 
dual dual-dlffarantlal Intarfaromatar la uuU auit- 
ad for tha maaauramant of tranalant SAW In non- 
daatructlva taatlng and acouotlc anlaalon .ippll- 
eatlona. 


SM MOMMON# OU^ or 'Ml 
I . t/i o#'iMNTisk uMuunoa 

•-'igurv 4. Edge Effect Modulation 
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Kigura 5. Loss .jf Modulation Due to Attanuatlon 
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OPTICAL I'ROIIING OF PULSED ACOUSTIC SURFACE WAVES USIN<* 
W1I?EIIANI) WFIT?^ 


^^NAsTl2tnle?Rn^^ CM'to 


Abitnct 

Pmction of aamik mrfmr Hsa hy t wMcIhiiuI iliffin>iuk>l lnu;rJvrom>^^^^^ 

oniUal lechniifue lohwfmiumymmnaijHoheisilv^^^^^^^ .Si'W.w 

ImMth is ih’UrnUm'ii l>y ihc n‘laiionstUi> hvtm-iiiavotmlaihm'i'lm^^^ 
ahk sfMdng hciwwii two optical prohlng hivms Jocusal on ilw siirjacc which \nf t of n 
the waves. Sensitivity to surface displacement amplitude is eipial to, or heticr than, that 
of other teehniipies. 


Inlc.lciomeuic opHc..l tcchimiuos olTor cxwllci.l seiisiliviiy I.m H.c ntei.Mira.KM.. ul ..ll... 
sonic M.rl;.cc sv.tves. Scveri.l .mHt.r.Cidio.is ol' ll.c Micl.uixon .nlclconicic. w.t . ...ilepc... • 
eitl sitn.nle a.trl relVtcitcc nr.HK l.iivc been ..sal lor itcrntsl.c wave .k'leciun. 1 1 1 
.lie iitite.eni iKiiltkMte.lli sa.s.l.viiy l»> ...ttbie.il low licqi.eiicy itcoiisiici.l ..oinc .ii,.Kcs ll.c 
MichoNon riestptt ttitMtilitblc it. tnittiy itnphcitlunis |2| Sttcit low liiM|tte..cy itcottMtu. 
vibraiions .nay ptodi.ee larRC chitiiRes in llte optical palliic.tglli nl one 
latKC shills it. ll.c ottipnl rrinuc paticn. The large shills nia .k sniall atnpliinde high ltu| 
neticy signals while slowly changing lire operaling poini and gam ol ihe iitietleionielet. 
|'«H (hose appltcalions ... whicit Ihe acouslical signals and itconsittal noise exiM in sepaia e 
lieiiiieney hands, vih.alion effecu may be inininii/.cd hy co.ilrolling the eng i til Ihi lel- 
eien.e arm will, a leedhack signal derived iVom ll.c delec'oi onipiil |.l. d| . Ilowevei. 
nonlinear slah.liiy c.iieiia limil llie elTecliveiiess of such leedhack sysleins 
Hv folding the a. ins of ihc Miclicisun inierferomeiei so boil, sample and releiei.ee beams 
ate’ parallel and leneci off Ihe same sttiface. insensilivily lo vihialions is pally improved 
because induced low frequency changes in ihe opiical pall, lengllis of boil, beams aie 
made nearly ihe same. Narrowband ('W ullrasonic waves have been delecled using sncii 
differeniial inierferonielric sysiems |5. h| . In ibis pa|)cr. llic applicalion of a sninlar lech 
nique lo lire ileleclioii of wideband acoustic surface wave pulses is reported. 
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bigurc I. Diffeiential intcrferomcliic system. 
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riu’ \%mc u|»nv:al !>ysiein ii isIhiwk in I'inufc I. I.iul'i •• •’“•'viUtH 

MHt> iwo p.ir.illcl mill nlinlilly wpiiraicd coliiniiilcd lufaim »*1 i’MhiiI inli'iisiiy l»y a lixwl 
beamiipliiier. I lit* beams arc partially iransniiiicd by a rmnui ru mispliiior and loctised 
lo points separiiied by a distance d on the surlace ol the s|H!Chncni Upon rcncclion the 
beams are partially rellected by the second heamsplilicr and sii|«rim|Mised to lorm a 
Miaittlil line inierrerence pattern, 'this pattern is filtered nsiiiK a stationary Koiichi riilinp 
having the same spatial periodicity us the interference pattern, flie tiansmitled light is 
locuMfU lUi u wulehiiiul uplicul Joiccior. Alliiough hall of lUo iivailiihlc light is lost hy (111; 
second beamsplitter, this arraiigeiiient minimi/es crror,s doe lo skewoil rellcdioir- at the 

surface. , , , . , , 

I he iiiieileioiiieler is sensitive to differential changes in the optical pathleiigths td the 
isso beams wliuh cause relative motions of the output fringe pattern with le.sfM-ct to tlie 
lised spatial Idler To maxiiiii/.e sensitivity it is necessary to move the liltei • '/i periods 
Itoiii iwrfeci aligiinieiii |bl , Sensitivity to initial filter position may be eliniiiiated iisinis a 
loialing fillei-heaiiisphtter (h|. 

Assiiiiie now that the rliffercntial pathlength changes are caused hy an iiltrasomc wave 
propagating in the / direction on the specimen siiifaec. AsMiining no vaiiation in we 
may expicss the normal component of particle displacement at the surface as 

W(t) “ 2A snidest - K/), <•) 

wlieic A IS the peak dlsplucemont from c(|iiilibrhim, u>t ibe ucoiiMic radian licipieiity. 
and K ihe acoustic propagation constatil. System response to iliis wave Is tmuimi/.cd li 
( I ) one focus point coincides with a local surface displacement miniininii when tlic oiher 
coiiiciiles with a niaximiim. andt 2)"d‘|| Tims, the rc<|iilied separation between the hu us 

poiiils, il(*=!d*l). IS 

d ■ (2n + I) A/2. I ’I 

wlieie II jo. 1 . 2. ... I a.ui \ ” 2n/K is the acoustic waveleiiglli. l or d'ami A coiislaiil, 
the sysieiii response decreases from this maximum il cither A oi the direction ol K cliaiit',<' 
Response as a fuiiclion of A may he calcnlaicd for different values of ii hi liq (2)aiid is 
shown 111 I’igme 2 lot ii - 0 |(»|, RIotied expcriiiiental data was iiieiismed lor a piohe 
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Tiguie 2. Iiiieifeiomelrie frequeiiey sciisiiiviiy. Tlicoiclical and meiismed data hn n 0 
III l•.ll. (2). 
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I if.urc liiii’iU'tomi'U'i K'h|Hniso \immis 0 Iu*Iwci’imI*:hhI K lor ’ SMM/ I’iiivrl 
pulses aiul n 0 in l'i|. ( '). 


beam spaemp ol 0 5min, approximalely one Imll the wavelenpili ol paleil Mil/ pulses 
lUMiei.iteil on an alumini/eii pyiex plale. Vaiiiilions m sensihvily as a Imii lion ol Is allow 
ihe ilireelion of piopapalion of CW waves or repelilive pulsed sipinlsol known lietpieiiiy 
10 be deieiinined liy lolaiinp d foi maximum oulpul slyjial I lieoieliciil and ineasmerl 
sensiinity versus the aiij'.le d belween K and d is ploiled for n (I in I iiMiie I I Ik ou iu ,il 
response dala in boili I i(Uiie ’ and bipure d were caleiilalod asMiiiiini', llial lliu Ionised 
opinal beam waisi is small compared lo ilie acoiislic waveleiiplli A deicried '>MII/ 
paU'd pulse Mi’iial is shown in biniire d 



I'lgure 4. (iaied 2.5M!I/ siiiface wave pulses delected by wideband dilleienlial 
inierferoi'ieliy. 


Response lo ibe itisi half cycle of u |ialed acnuslic wave piilsr* differs from Ihe CW 
response. I.el Ihe (hoe ai which llie leadiii|tedtie of llie piil.se arrives at ihe locaiioii ol one 
focus poini be I ° 1 Duiiiii* llie time jnlerval l|< t< l| ♦d/v - ij .wlieie vis llie velocity 
ol the wave and 0 U. the oulpul signal is only a fiinelion of llie displaccmeiil al llie liisi 
pomi mdepeiidciii of aeoiisiic signal frcrpicncy. Al I “ Ij . lire leading edge ol ihe poise 
arrives al the second poini, and for l>lj response is ideniicai lo tliai loi llie CSV case 
Now consider Ihe case of an acoustic pula* Iravelling in an aibtliaiy diieciioii and 
coniaining a wide bandwidlh of fieriuency componenis, Such a pulse could be geiieiaied. 
foi example, by acoustic emission in M lids. Dm iiig Ibe iiilerval 1 1 •'i*^'i| • d(cosO)/v tj 
llu' milpul signal is propoiiional lo ,he instanlaneoiis poini displacemeni caused by llie 
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wiUvbmul phIh’ I'oi i »lj, lre(|iiency rtfH|*)Mi'ic k I'y ‘I'li'mtitiitl iMiit 

luiiciiott diMcrmincil hy n in The ecnicr lie<|»etHy ol the thilcieitii.'l iwssham' 

iii.iv I'lleiitvciy he shiHeil hy Vitryinp 0 A ''omplele iiii.ilyHiii ol Ihu nciie»iil.A’*l '.ysii io 
tt*i»poi(se iimi (lie meiiMiiemeiu ol pulvcd hroa»lhiiml Hllruvonic Hintuilii iv in prepiit.iitoii 

Acitm) 
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